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Abstract
Integrin-linked kinase (ILK) is a β integrin adaptor protein that translates extracellular
stimuli to intracellular signaling events. ILK plays a role in actin cytoskeleton dynamics
and cell adhesion. The structure and function of the epidermis is highly dependent on
cell-cell adhesion and cell-basement membrane interactions. The mechanisms whereby
ILK contributes to epidermal integrity are poorly understood. Using a mouse model of
epidermis-restricted Ilk gene inactivation, I observed that ILK loss causes abnormal
morphology and presence of intra-epidermal and epidermal-dermal microblisters in
embryos as early as E17.5. ILK-deficient epidermis is also characterized by abnormal
localization or/and absence of adherens junctions, tight junctions and desmosomes. These
are structures that maintain the barrier properties of the epidermis. Ca2+ is an important
inducer of cell-cell junctions and differentiation in epidermal keratinocytes. In the
absence of ILK, cultured keratinocytes are unable to properly respond to Ca2+, due to an
impaired activation of the RhoA GTPase.
I further investigated the barrier function of the epidermis against Staphylococcus aureus,
a major component of the skin microbiota. Using cultured keratinocytes, I investigated
the role of integrin-linked kinase (ILK) in epidermal S. aureus invasion. ILK-deficient
mouse keratinocytes internalized bacteria 2- to 4-fold less efficiently than normal cells.
The reduced invasion by live S. aureus of ILK-deficient cells was restored in the
presence of exogenous, constitutively active Rac1. Thus, Rac1 functions downstream
from ILK during invasion.

ii

Another function of the epidermis is protection against UV radiation. Phagocytic
melanosome uptake by epidermal keratinocytes is a central protective mechanism against
damage induced by ultraviolet radiation. I have examined the role of ILK in regulation of
phagocytosis, and shown that ILK-deficient cells exhibit severely impaired capacity to
engulf fluorescent microspheres in response to stimulation of the keratinocyte growth
factor (KGF) receptor or the protease-activated receptor-2. KGF promoted activation of
Rac1 and formation of pseudopodia in ILK-expressing, but not in ILK-deficient cells.
Rac1-deficient keratinocytes also showed substantially impaired phagocytic ability,
underlining the importance of ILK-dependent Rac1 function for particle engulfment. In
summary, my data suggest a key role for ILK in activation of small GTPases and
regulation of actin dynamics during phagocytosis by keratinocytes.

Keywords: Integrin-linked kinase, epidermal barrier, junction, small GTPases,
Staphylococcus aureus, keratinocyte, invasion, phagosome, melanosome, phagocytosis
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Chapter 1

1

General Introduction and Literature Review

1.1

The skin and the epidermis

The skin is the largest organ of the body, with a surface area of approximately 1.8 m2 (1).
The skin is composed of three main layers: the epidermis, the dermis and the hypodermis.
The uppermost layer of the skin is the epidermis, which adheres to a basement membrane
that separates it from the underlying dermis. The dermis is mostly composed of
fibroblasts and extracellular matrix proteins. Epidermal appendages, including hair
follicles and sebaceous glands, extend from the surface of the epidermis, and invaginate
into the dermis. The hypodermis or subcutaneous adipose tissue is found underneath the
dermis (2).

1.2

The epidermal architecture and constituent cell types

The epidermis is a stratified squamous epithelium with essential protective functions, and
constitutes a barrier between the organism and its environment. The epidermis prevents
water and electrolyte loss, resists mechanical stress, serves as protection against UV
radiation, and plays a crucial role in innate immunity against microorganisms (3). The
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skin epithelium derives from a single-cell layer neuroectoderm. Early in development,
Wnt signalling is activated in the neuroectoderm, preventing responses to fibroblast
growth factor (FGF), which induces these early cells to follow a neuronal fate. In
response to Wnt signalling, the ectoderm expresses bone morphogenetic proteins
(BMPs), which promote epithelial formation (4). The epidermis at this stage of
development consists of a single layer of multipotent epithelial cells, which proliferate
and expand in response to activation of epidermal growth factor (EGF) receptors (5). In
humans, the primary epidermal layer matures towards the end of pregnancy, whereas in
mice, this takes place just after mid-gestation, around 15 days post-coitum. The epidermis
is a stratified epithelium, composed of keratinocytes at different stages of differentiation.
Basal keratinocytes form the innermost layer, and exhibit high proliferative capacity.
Asymmetric division in basal keratinocytes leads to the formation of the spinous layer of
the epidermis, where cells differentiate. The spinous layer is rich in desmosomes and
intermediate filaments, which contribute to the flattened morphology of these cells
(Figure 1.1). Spinous keratinocytes further differentiate and move outwards, giving rise
to the granular layer. Granular keratinocytes lose their nuclei, and produce electron-dense
keratohyalin granules, which accumulate in their cytoplasm, giving these cells their
granular appearance. In mice, the epidermis contains three granular layers, termed SG1,
SG2 and SG3. SG1 and SG2 are characterized by the presence of tight junctions, which
contribute to the formation of an impermeable envelope (6). Granular keratinocytes
secrete impermeable, lipid- and antimicrobial peptide-containing granules termed
lamellar bodies. These organelles concentrate at the interface between the granular and
adjacent cornified layer and are necessary for epidermal barrier function (7). The
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outermost cornified layer is composed of terminally differentiated keratinocytes, which
are tightly linked to each other through corneodesmosomes. The latter are degraded by
proteolytic enzymes, leading to desquamation of the corneocytes at the surface of the
epidermis. The lipids and proteolytic enzymes in the cornified layer also contribute to the
degradation of microbial organelles (8). The epidermis is characterized by the presence of
a concentration gradient of extracellular Ca2+, which modulates differentiation programs
in keratinocytes, and the formation of the epidermal permeability barrier (9).
Extracellular Ca2+ levels are low in the basal layer, and increase progressively towards
the granular layer. The level of extracellular Ca2+ decreases again in the cornified layer
(10). Ca2+ tightly regulates the expression of various epidermal differentiation markers.
Specifically, whereas basal keratinocytes express keratin 14 (K14) and keratin 5 (K5),
cells in the spinous layer express the differentiation markers, K1 and K10. In the
outermost granular layer, cells begin to express markers of cornification, such as
involucrin, loricrin and filaggrin. Profilaggrin is a precursor of mature filaggrin, and is
expressed in the granular layer too. Filaggrin binds to the intermediate filaments and
contributes to the tight packing and flattened appearance of keratinocytes in this layer
(11). Cells in the cornified layer express structural proteins, such as involucrin and
loricrin, that are cross-linked via transglutaminase I to form the cornified envelope (12).
In addition to keratinocytes, other cell types are found in the epidermis, including
melanocytes and immune cells. Melanocytes produce melanin, which provides
pigmentation to the skin and hair. Melanin is packaged into organelles termed
melanosomes, which are transferred to neighbouring keratinocytes. In human epidermis,
one melanocyte can transfer melanosomes to as many as 36 surrounding keratinocytes
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(13). In adult mouse epidermis, melanocytes are primarily found associated with the hair
follicle (14).
The immune cells found in the epidermis contribute to adaptive immunity. Specifically,
γδ+ T cells in the suprabasal layers protect the epidermis from microbial invasion (15).
Langerhans cells are dendritic cells that originate from lymphoid progenitors in the bone
marrow (16). Little is known about how Langerhans cells home to the epidermis,
although it has been demonstrated that transforming growth factor-β1 (TGF-β1) is
essential for their survival (17). Langerhans cells migrate to draining lymph nodes, and
present self and non-self antigens from the epidermis to the immune cells, including
antigens from commensal and pathogenic microorganisms (18). Antigen presentation by
antigen-presenting cells gives rise to adaptive immune responses and lymphocyte
migration into the skin to support effective immune responses.

1.3

Epidermal structure and its relationship to integrity and
permeability barrier function

As mentioned above, Ca2+ is an important modulator of keratinocyte differentiation. In
cultured primary epidermal keratinocytes, increasing the extracellular Ca2+ concentration
from ∼0.03 mM to >0.1 mM (hereafter termed “Ca2+ switch”) induces differentiation.
Epidermal injury and barrier disruption transiently abolish the Ca2+ gradient in the
epidermis (19). In cultured keratinocytes, an increase in extracellular Ca2+ concentration,
which stimulates Ca2+-sensing receptor (CaR), leads to the delivery of CaR and Ecadherin from intracellular storage sites to the cell membrane.

5

1

Figure 1.1. Schematic representation of epidermal stratified epithelium.
Basal keratinocytes adhere to basement membrane through hemidesmosomes, and they
adhere to each other through adherens junctions. Spinous layer is rich in desmosomes,
which contribute to the flattened shape of these cells. Granular cells are filled with lipids
and keratohyalin granules. Tight junctions are present between SG1 and SG2. Cornified
layer establishes a physical barrier against environmental insults. The left side of the
figure shows the position of junctions.
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This, in turn results in the formation of complexes that contain CaR, E-cadherin,
phosphoinositide 3-kinase (PI3K) and RhoA (20). The translocation of E-cadherin and
desmoplakin to the cell membrane is the initial step in the formation of intercellular
junctions, and occurs immediately after the Ca2+ switch. Actin rearrangements at this
stage are essential for junction stability (21). The Ca2+ switch also initiates
phosphoinositide metabolism in a RhoA- and PLCγ-dependent manner, generating
phosphatidylinositol- 4, 5 bisphosphate and diacylglycerol, which serve as second
messengers for the activation of differentiation pathways (22). Diacylglycerol activates
PKC and is necessary for the sustained increase in intracellular Ca2+ levels, which is
necessary for normal keratinocyte differentiation (23).

1.3.1

Cell-Cell Junctions

The maintenance of epidermal structure occurs by virtue of the ability of keratinocytes to
adhere to each other. Intercellular adhesion in the epidermis is achieved through adherens
junctions (AJs), tight junctions (TJs), and desmosomes.

1.3.1.1

Adherens junctions

These are the first junctions that are formed in keratinocytes in response to increase in
extracellular Ca2+ levels. They are composed of E-cadherin, and are linked with the actin
cytoskeleton. In epithelial cells, adherens junctions can be visualized as a continuous
ribbon along cell borders. E- cadherin molecules assembled in adherens junctions bind to
actin filaments via α-, and β-catenin. Of note, the classical cadherins are important
modulators for the formation of other junctions, as discussed below.
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1.3.1.2

Tight junctions

Tight junctions function as gates in the epidermis, to modulate diffusion of small soluble
molecules. Tight junctions contain occludin, claudin and junctional adhesion molecules
called JAMs, which are connected to F-actin through ZO-1, ZO-2 and ZO-3 (24). ZO-1
appears to work as an organizing adaptor protein that contributes to occludin targetting to
the TJs. Occludin participates in maintenance of epidermal barrier function (24, 25).
There is also evidence supporting a role of ZO-1 in transcriptional regulation. Indeed,
ZO-1 can translocate into the nucleus in subconfluent epithelial and mesenchymal cells in
culture. The nuclear translocation of ZO-1 regulates epithelial proliferation, and it
inversely correlates with the maturation of cell-cell junctions (26). In simple renal and
intestinal epithelial cells, the tight junctions separate lipids from protein components in
bilayer membranes (27). This aids in the establishment of apical-basal cell polarity,
although this clear separation of cell domains is not obvious in epidermal keratinocytes.
Another function of tight junctions concerns innate and adaptive immunity. For example,
Langerhans cells extend protrusion through tight junctions to probe for and capture
antigens (28), which is a key step in the initiation of adaptive immune responses. The
tight junctions in the epidermis and other stratified epithelia modulate paracellular
permeability.

1.3.1.3

Desmosomes

It has been hypothesized that desmosomes are passively formed between adherens
junctions. E-cadherin-containing adherens junctions basically function to bring the
plasma membrane from two adjacent cells in close proximity, thus allowing desmosomal
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molecules to engage and form desmosomes (29). Desmosomes are desmoglein- and
desmocollin-containing structures that physically link the intermediate filaments to the
plasma membrane.

Desmogleins and desmocollins are members of the cadherin

superfamily, which play a critical role in cell-cell adhesion. Desmoglein is necessary for
the establishment of normal cell-cell junctions in keratinocytes. In individuals who suffer
from pemphigus, autoantibodies against desmogleins are produced. These antibodies
interfere with the formation of cell-cell contacts, and lead to the loss of skin integrity,
which is manifested by the presence of blisters as well as skin colonization by pathogens
(30). Several desmoglein isoforms are expressed in the epidermis (31). Desmoglein 1 and
3 are mainly expressed in the basal layer, and desmoglein 4 is expressed in the granular
layer as well as in the hair follicles. The expression of different desmoglein isoforms and
their redundant function is important to preserve epidermal integrity and barrier function
(32). As mentioned above, normal actin cytoskeleton dynamics are also necessary for the
maintenance of intercellular junctions.

1.3.2

Role of actin and microtubules in cell-cell junctions

Actin filaments are polymers of globular actin, and play key roles in many fundamental
processes in epithelial cells. The mechanical forces that push or pull intracellular
organelles, and produce cell movements are generated through actin filament
rearrangements. Actin filaments have two ends: the barbed end to which actin monomers
are recruited and actin polymerization takes place. Simultaneously, at the opposite end,
actin is depolymerized, to generate monomers that can be used at the barbed end. Actin
dynamics contribute to the stability of junctions in epithelial sheets (33).
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Actin-myosin interactions are involved in the assembly and disassembly of apical
junctions in simple epithelial tissue (34). The importance of microtubules in cell
morphology, polarity and differentiation is well established (35). Microtubules are
arranged at the apical aspect of basal keratinocytes and upon differentiation, they adopt a
cortical arrangement, in the vicinity of cell-cell junctions (36).

Many signaling

molecules, such as Ca2+ and cAMP, exert their effects through their modulation of Factin and microtubules in keratinocytes (37).

1.4

Epidermal polarity

One of the fundamental properties of the epidermis is polarity, which is essential for
barrier function (38). Polarity is defined as differential positioning and asymmetric
distribution of intracellular organelles, membrane proteins, RNA and lipids. As a result of
impaired or absent polarity, cells lose their orientation and may become unresponsive to
environmental cues (39). Although the mechanisms that regulate cell polarity are not
fully understood, it is well established that cell-cell adhesions are important contributors,
together with small GTPases, to the cytoskeleton, vesicular transport system and polarity.
The PAR complex, which is composed of PAR3, PAR6 and atypical PKC (aPKC), also
modulates polarity in the epidermis (38, 40). In mammalian stratified epithelia, aPKC is
located to the apical aspect of basal keratinocytes (41). The mechanisms whereby PAR
complexes localize apically have been studied in culture. Upon Ca2+ stimulation, RhoA
moves to the cell membrane. As mentioned earlier, in keratinocytes, E-cadherin
translocation to the membrane initiates the formation of cell-cell contacts through
establishment of adherens junctions, in a RhoA-dependent manner (42). Adherens
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junctions mature with time, and promote the subsequent formation of tight junctions.
Following the initiation of adherens junction formation, aPKC translocates to the plasma
membrane (43). The activation of the PAR polarity complexes is dependent on RhoA,
Rac1 and CDC42 (44). Rac1 and its activator Tiam1 interact with PAR complexes at the
early stages of adherens junction formation, resulting in aPKC activation, maintenance of
high intracellular Ca2+, differentiation and establishment of polarity in basal keratinocytes
(45).
Cell-ECM interactions also determine the establishment of cell polarity, partially through
localization of ECM components (46). In the epidermis, basal keratinocytes adhere to the
basement membrane through hemidesmosomes, which localize exclusively to the basal
aspect of these cells. Hemidesmosomes are complex structures, composed of α6β4
integrins, which link the basement membrane to intracellular keratin network, collagen
XVII. In cultured keratinocytes, α6β4 integrin-based hemidesmosomes and α3β1containing focal adhesions link the extracellular matrix, respectively, to the intermediate
filament and intracellular actin network.

1.5

Integrin-modulated signaling and its role in the epidermis

Integrins are a family of transmembrane proteins that mediate cell adhesion and
signaling. Their biological importance is emphasized by their presence in all multicellular
animals. Integrins are important for cell adhesion and migration during embryonic
development, for tissue maintenance and regeneration, host immune functions and
homeostasis (47). They modulate multiple cellular functions, many of them related to
actin cytoskeletal dynamics. Integrins lack catalytic activity, but are able to translate
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extracellular environment cues into intracellular signaling responses through their
interactions with cytoplasmic adaptor proteins. Integrins exist as heterodimeric
complexes composed of one α and one β subunit. Although there are eighteen α- and
eight β-subunits known in mammals, only 24 heterodimeric combinations have been
identified to-date (48). Integrins bind extracellular matrix substrates, and are broadly
divided into three subfamilies, depending on whether they bind to collagen,
fibronectin/vitronectin or laminin. Integrins can adopt an inactive, low-affinity state.
Binding to ligands or mechanical stimuli trigger conformational changes in the integrin
cytoplasmic domain (49), integrin clustering and interactions with a vast number of
cytoplasmic proteins. This results in the activation of downstream signaling cascades
(50). Integrins can be activated bidirectionally through processes initiated by extracellular
factors (termed “outside-in” signaling) or by cytoplasmic proteins (“inside-out”
activation). Outside-in signalling involves formation of integrin complexes with various
cellular proteins, which link and allow integrins to modulate the cytoskeleton, cellular
spreading and migration, as well as survival and proliferation (51). Proteins such as focal
adhesion kinase (FAK) or Src-family kinases, Rho GTP-binding proteins, paxillin,
integrin-linked kinase (ILK), and vinculin (47) become activated as a result of outside-in
signaling, and trigger a variety of cellular responses. In contrast to outside-in processes,
inside-out activation occurs when intracellular stimulators, such as talin, ILK or kindlin,
bind to the integrin β subunit tail, inducing conformational changes that promote integrin
binding to extracellular substrates, thus regulating adhesion strength (52).
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1.5.1

Integrin-linked kinase

Integrin-linked kinase is a ubiquitous adaptor protein that modulates many integrindependent processes, such as adhesion, polarization and migration in keratinocytes (53,
54). ILK interacts with many proteins in addition to β1 and β3 integrins, including
ELMO2 (55), PINCH (56-58), α- and β-parvin (59-62), paxillin (63), and IQGAP1 (64).
ILK is composed of three main domains: An N-terminal region with five ankyrin repeats,
a central pleckstrin-homology-like (PH-like) domain, and a C-terminal pseudokinase
domain (65). PINCH interacts with ILK through the ankyrin repeats (66),

and

phosphoinositides may interact with the PH-like domain. The pseudokinase domain
mediates interaction with other adaptor proteins, such as paxillin and parvins (66).
Although conflicting evidence exists regarding the kinase activity of ILK (67, 68), recent
work has shown compelling evidence that ILK is a pseudokinase with no intrinsic
phosphorylation capacity (69-71). ILK is essential for embryo implantation (72) and cell
migration (73, 74), and constantly shuttles into and out of the nucleus (75, 76).
Significantly, ILK is central in many processes that require actin cytoskeletal remodeling,
such as development of front-rear polarity, forward movement and cell movements
during tissue repair in vivo (53, 55, 76, 77). ILK is also required for hair follicle
morphogenesis (78, 79). In the dermis, ILK is necessary for transducing signals that are
involved in injury-induced repair mechanisms (80). Although a growing body of research
has been focused on the role of ILK in epidermal functions, whether it also participates in
the barrier function of this tissue has not been explored.
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1.6

Epidermal permeability barrier: protection against
microorganisms

The skin is exposed to a large number of microorganisms, ranging from innocuous
commensals to harmful pathogens, and must form a physical and a biological barrier to
prevent their entry into the organism. Staphylococcus aureus (S. aureus) is a Grampositive, highly virulent human pathogen (81). S. aureus is one of the most common
causes of skin, blood stream, lower respiratory tract and soft tissue infections in Canada,
the United States, Europe, Latin America and the Western Pacific (82). This
microorganism is able to penetrate into the dermis, causing ulcerations and wounds,
which can progress to osteomyelitis, pneumonia, endocarditis and sepsis (83). A large
percentage of hospital infections are caused by exceptionally virulent methicillin-resistant
S. aureus (MRSA) strains. Persistent colonization and infections of S. aureus have been
attributed to ‘hidden reservoirs’ of these bacteria in non-professional phagocytes,
including keratinocytes (84). S. aureus skin colonization has also been linked to atopic
dermatitis, a condition characterized by impaired epidermal barrier function (85). Thus,
disruption of the normal skin barrier contributes to increased susceptibility to constant
microbial presence and abnormal immune responses.
The first line of protection against pathogens in the skin is the cornified layer, which is
composed of fully differentiated, anuclear keratinocytes rich in keratin filaments.
Underneath the corneocytes, the granular and spinous layers produce polar lipids,
phospholipids and glycosphingolipids, which are stored in the lamellar bodies right
beneath the cornified layer (86). Upon receiving danger signals, lamellar bodies fuse with
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the granular cell membrane, and secrete their contents into the intercellular spaces. These
lipids are arranged along the cell surface, to form a protective film. Major lipid classes in
this envelope are ceramides, free fatty acids and cholesterol. The lipid components of the
skin are increased in response to barrier breaches, injury or infection (87). Some diseases
with impaired barrier function are linked to defective lipid modification or lamellar body
content (88).
Epidermal keratinocytes also produce bactericidal peptides, which induce the formation
of pores in the cell wall (89). Defensins and cathelicidins are the principal antimicrobial
peptides in the skin (90). There are four β-defensin forms, constitutively expressed in
differentiated keratinocytes (89). β-defensin 2 is stored in lamellar bodies in the spinous
and granular layers. In addition, β-defensins stimulate Ca2+ mobilization from
intracellular sources, and trigger cytokine and chemokine secretion by keratinocytes (91).
If microorganisms survive the effects of antimicrobial peptides and gain access to deeper
epidermal layers, they encounter a third line of defense, constituted by the Langerhans
cells. Langerhans cell activation and migration to nearby lymph nodes depends on TNF-α
production by epidermal keratinocytes exposed to pathogens (28). This is the first step in
the adaptive immune responses against microorganisms that have invaded the skin.
Finally, an additional protective mechanism against microorganisms that have breached
the upper epidermal layers is provided through the phagocytic capacity of basal
keratinocytes (92).
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1.6.1

Bacterial invasion of basal keratinocytes and other epithelial
cell types

Bacteria have developed mechanisms to adhere and invade host cells, to escape antibodymediated immune responses and to achieve long-term intracellular persistence and
replication (93). Pathogenic bacteria express proteins termed invasins, which mediate
adhesion to and internalization by the host cell. Notably, fibronectin-binding integrins are
prime targets for bacterial invasins (94). S. aureus also expresses surface-associated
adhesins that mediate bacterial attachment to epithelial cells via integrins or their ligands,
such as fibronectin and collagen (95). Fibronectin-binding proteins (FnBPs) are adhesins
that mediate attachment to and invasion of epithelial cells via α5β1 integrins (96). FnBPs
are necessary and sufficient for bacterial adhesion to and engulfment by host cells, for
tissue colonization and development of mastitis, endocarditis and wound infections (93,
97, 98). Extracellular adhesion protein (Eap) also plays a role in keratinocytes invasion
(99). Given its association with integrins, ILK is a logical candidate to participate in the
interactions between bacteria and host cells. For example, Streptococcus pyogenes is able
to attach to and invade various mammalian cell types through integrin-mediated
processes. Loss of ILK in epithelial cell lines established from the epidermis, the larynx
and the cervix results in decreased bacterial adherence and internalization (100, 101).
Similarly, renal fibroblast cell lines engineered from ILK-deficient tissues fail to support
attachment and invasion of Streptococcus pneumonia (102). The molecular mechanisms
involved in integrin-mediated S. aureus uptake have been extensively characterized.
Fibronectin-coated S. aureus can associate with β1 integrins, inducing their clustering
and triggering outside-in signaling. The signaling pathways activated include
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accumulation of focal adhesion proteins, such as tensin and zyxin, adjacent to the bound
S. aureus, as well as activation of Src and focal adhesion kinases (FAK) (103, 104). FAK
is necessary for internalization, but not for binding of S. aureus to the cell surface in
Chinese Hamster Ovary (CHO) cells. This kinase facilitates bacterial uptake by
phosphorylating cortactin, which results in reorganization of the actin cytoskeleton.
Bacterial internalization appears to occur through formation of plasma membrane
invaginations, rather than formation of pseudopodia surrounding the bacteria, in a process
that may involve formation of lipid rafts (94).
S. pyogenes produces a different type of FnBP that mediates binding to endothelial cells,
and induces Rac1 activation and uptake that resembles phagocytosis (105). Streptococcus
pneumonia colonizes cells in the upper respiratory tract, and is an etiological agent of
severe infections, such as sinusitis, otitis media, pneumonia, septicemia and meningitis
(106). S. pneumonia produces several factors that interact with integrins in epithelial and
endothelial host cells (102). S. pneumonia can bind to vitronectin, which in turn mediates
interactions with αVβ3 integrins in nasopharyngeal epithelial cells and in microvascular
endothelial cells (102). This interaction causes formation of cell membrane protrusions
reminiscent of filopodia, followed by engulfment. Bacterial invasion of pulmonary
epithelial cells requires F-actin remodeling, in a manner dependent on ILK,
phosphatidylinositol-3-kinase (PI3K) and protein kinase B (Akt) R. Similarly, in HaCaT
cells, a human keratinocyte line, and in HEp2 human larynx epithelial cells,
Streptococcus pyogenes bound to plasminogen/plasmin can interact with α5β1 and α1β1
integrins, respectively (100). This interaction triggers bacterial internalization and cell
invasion, through pathways that also require actin polymerization, as well as expression
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of ILK, AKT and PI3K. Under these circumstances, internalization actually protects the
bacteria against killing by macrophages, and is associated with development of mild
superficial infections of the skin and naso-pharynx mucous membranes as well as severe
infections (100, 101). S. aureus was deemed to be an extracellular pathogen, but recent
findings demonstrated that it can invade epidermal keratinocytes, evading immune
response and establishing an intracellular reservoir (84). Thus, bacterial internalization by
keratinocytes is required for invasion and intracellular persistence of S. aureus (107).

1.7

Interactions of the epidermis with the environment:
Protective mechanisms against UV radiation

The epidermis is constantly subjected to exposure to UV radiation. Protection of cellular
proteins and DNA against UV damage is mainly provided by the pigment melanin (108).
Melanin is produced in melanocytes, and packaged into lysosome-like organelles termed
melanosomes (109). Melanosomes are transferred from melanocytes to neighboring
keratinocytes via 1) direct transfer, 2) release of melanosomes by melanocytes followed
by keratinocyte phagocytosis, and/or 3) cytophagocytosis of melanocytes by
keratinocytes (110). An early event triggered in response to UV exposure in keratinocytes
is the activation of growth factor receptors (111). Activation of Protease-activated
Receptor-2 (PAR2) and keratinocyte growth factor (KGF) receptors are involved in
melanosome uptake by keratinocytes (112). Indeed, KGF enhances phagocytic capacity
of these cells, promoting membrane ruffle formation and protrusions (113). Following
engulfment, melanosomes are transported to perinuclear regions in these cells, serving as
a protective cap for DNA against UV radiation (114). This process involves microtubule
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motor proteins, such as dynein, as well as coordinated actin cytoskeleton rearrangements
(115).

Phagocytosis has been considered to be the predominant mechanism of

melanosome uptake (116).

1.7.1

Phagocytosis

Phagocytosis is the engulfment of particles > 0.5-µm in diameter (117, 118). Although
much research has focused on the phagocytic properties of immune cells for degradation
of pathogens, other cell types, including endothelial, epithelial, neuronal and
mesenchymal cells, are capable of engulfing particles via phagocytosis. These cell types
are termed “non-professional” phagocytes to denote their somewhat lesser ability to take
up particles, compared to “professional” phagocytic immune cells.
Phagocytosis is essential for innate and adaptive immune responses. Phagocytosis by
non-professional phagocytes is important for tissue homeostasis and remodeling.
Irrespective of the cell type and nature of a particle involved, phagocytosis occurs
through a series of steps that include particle recognition, particle binding to the cell
surface, engulfment, and disposition (117).

1.7.1.1

Integrins as phagocytic receptors

Interference with integrin binding or activation of cytoplasmic effectors inhibits particle
engulfment (119). In mammalian immune cells, phagocytosis is mediated by αMβ2,
αVβ3, αVβ5 and/or α6β1 integrins (120-122). In non-professional phagocytes, αVβ5
and α2β1 integrins have been implicated in particle engulfment (123, 124). To-date, all
phagocytic processes have been linked to several common signaling pathways, including
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activation of Rho GTPases and actin polymerization. Although multiple types of particles
and receptors participate in phagocytosis, the mechanisms associated with engulfment
converge on the activation of Rho family GTPases, which direct F-actin remodeling
beneath particles bound to the cell surface for subsequent internalization (125) (Figure
1.2). In immune cells, phagocytosis via the complement receptor integrin αMβ2, also
termed CR3, proceeds through activation of RhoA (117, 126), whereas Fcγ-receptormediated phagocytosis involves activation of Cdc42 and Rac1 (127). Morphologically,
αMβ2-mediated phagocytosis was thought not to involve formation of pseudopods, but
rather particles appeared to sink into the plasma membrane (128, 129). More recent
studies have challenged this notion, and reported the formation of membrane protrusions
around particles being engulfed in response to αMβ2 stimulation. These observations
suggest the existence of common elements between the two phagocytic pathways (130,
131). Further, comprehensive analyses of Rho GTPase involvement in αMβ2- and Fcγmediated phagocytosis in macrophages have established that the former requires Vav3,
RhoA and RhoG, whereas the latter is dependent on Cdc42, Rac2 and RhoG (132, 133).
Thus, common elements involved in particle internalization appear to exist, irrespective
of the initial trigger. However subsequent aspects of phagocytosis, including F-actin
remodeling and activation of diverse signaling cascades, may diverge depending on the
phagocytic stimulus. In addition, activation of the small GTPase Rap1 in response to
stimulation of various growth factor receptors or bacterial factors is a potent inside-out
activating signal for αMβ2 integrins and enhances phagocytic uptake (134).
Rho GTPases are essential regulators of actin reorganization. Cortical actin
polymerization beneath the sites of particle attachment to the plasma membrane is a key
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driving force for ingestion. Particle engulfment mediated by integrins in non-immune
phagocytic cells is also critically dependent on Rho GTPase activity. For example, shed
photoreceptor outer segments bind to integrin αVβ5 in retinal pigmented epithelial cells,
resulting in activation of Rac1, but not of RhoA or Cdc42, and triggering phagocytic
internalization (135).

1.7.1.2

Receptors involved in particle recognition and binding

Particle recognition and binding occur when receptors on the plasma membrane of the
phagocytic cell recognize specific ligands or components on the surface of the particle. In
most cases, particle recognition is followed by receptor clustering and formation of
protrusions around the particle, in a zipper-like process. This causes the cell membrane to
extend and wrap itself around the particle, forming a structure termed “phagocytic cup”,
which seals and leads to internalization (127, 136, 137). If the particle is a
microorganism, recognition can occur through the interaction between particle-specific
proteins and receptors on the surface of the phagocytic cell (83, 138, 139). Keratinocytes
probe for pathogen-associated molecular patterns (PAMPs) of microorganisms through
their Toll-like receptors (TLRs), mannose receptors and NOD-like receptors collectively
called pathogen recognition receptors (PRRs). Once a pathogen is recognized, its
interaction with phagocytic receptors expressed on the keratinocyte surface leads to actin
cytoskeleton remodelling, which causes formation of protrusions around the phagocytic
target and its internalization.
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Figure 1.2. Signaling pathways leading to actin polymerization during
phagocytosis.
The interaction between integrins and their ligands triggers the active state of
integrins (“outside-in” signaling). This process also recruits structural proteins
(e.g.Vinculin, Paxillin) and activates a complex of signaling and adaptor proteins
that link the integrins to actin-cytoskeleton (e.g. FAK, ILK, PINCH, Parvin).
Signaling from receptor tyrosine kinases (RTK) also crosstalk with integrinmediated signaling in phagocytosis. The resulting signaling platforms activate
guanine nucleotide exchange factors (GEFs) for small GTPases (e.g. RhoG, Rac,
Cdc42, RhoA). Nucleation-promoting factors (e.g. WAVE, WASP) activate the
actin nucleation complex Arp2/3 that leads to actin polymerization and formation
of extensions around the particle. RhoA also activates the actin nucleator mDia
that is recruited to the actin cup and is involved in actin reorganization during
complement receptor (CR3)-mediated phagocytosis. Abbreviations: ANK,
ankyrin repeats; Cas, crk-associated substrate; CH, calponin homology; Dock,
dictator of cytokinesis; ELMO, engulfment and cell motility; FAK, focal adhesion
kinase; mDia, mammalian diaphanous; PH, pleckstrin-homology; ROCK, Rhoassociated protein kinase; Syk, spleen tyrosine kinase; WASP, Wiskott-Aldrich
syndrome protein; WAVE, WASP family Verprolin-homologous protein. Figure
is modified from S. Sayedyahossein and L Dagnino. Role of Integrins and their
associated proteins in phagocytosis. Int. Rev. in Cell. Mol. Biol. 2013; 302:321354.
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Particles can also become coated by factors found in the circulation or in the extracellular
matrix, such as IgG or fibronectin, respectively. Particles opsonized in this manner bind
to a variety of receptors, including Fcγ in immune cells, and integrins in both professional
and non-professional phagocytes (137, 140, 141). Once a particle has been recognized
and bound by phagocytic cell surface receptors, the latter cluster at the attachment site,
stimulating the activation of a wide array of phagocytic signaling cascades. Irrespective
of the nature of these signals, they all result in local polymerization of actin and
membrane remodeling, which precede particle ingestion. Many aspects of phagocytosis
share similarities with cell migration on two-dimensional substrates and often involve
integrin activation, especially in non-professional phagocytes.

1.7.1.3

Phagosome closure and particle engulfment

Internalization occurs after the tips of pseudopods surrounding the particle meet and fuse,
through mechanisms that likely involve contractile events modulated by non-muscle
myosins (142).

Before phagosomes can pinch off the plasma membrane, actin

polymerization halts. In the case of particle internalization triggered by αMβ2 integrin
stimulation, production of phosphatidylinositol-3,4,5-trisphosphate at the phagocytic cup
is required (143). In this manner, a sequence of F-actin assembly and disassembly,
necessary for particle binding and engulfment, occurs. Shortly after sealing of the
phagocytic vesicle and detachment from the plasma membrane has occurred, localized
actin polymerization is triggered once again. These newly formed actin filaments
participate in mediating the movement of phagosomes to the cell interior (131, 144).
Once this process has taken place, a series of phagosomal maturation events happen.
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1.7.1.4

Phagosome maturation and particle disposition

Following internalization, phagosomes containing particles undergo a series of
transitional steps collectively termed “maturation”. Maturation is accompanied by a
gradual decrease in the pH of nascent phagosomes due to the fusion with acidic
lysosomes (145). An exception to this pathway appears to be the engulfment of
melanosome-containing vesicles in epidermal keratinocytes. In these cells, the plasma
membrane surrounding the phagocytosed melanosomes is targeted to perinuclear regions,
rather than to lysosomes, where they protect nuclear DNA from UV radiation (146).
Early during phagosome maturation, the small GTPase Rab5 is recruited to the
phagosome in a dynamin-dependent fashion (147). At this stage, Rab5 is activated and
recruits a variety of proteins, which mediate the subsequent association of Rab7 with the
maturing phagosome (142, 145). Recruitment of Rab7 happens simultaneously with
dissociation of Rab5, and is essential to prepare the phagosome for lysosomal fusion.
Although the precise mechanisms have yet to be elucidated, active Rab7 may mediate
recruitment of Rab-interacting lysosomal protein (RILP) and oxysterol-binding protein
related protein (ORP1L). These two factors, in turn, serve as adaptors to bind dynein and
regulate microtubule minus end-directed transport of the phagosome to the microtubuleorganizing centre, where lysosomes are found (148). The fusion of phagosomes to
lysosomes containing multiple degradative enzymes is associated with pronounced
intravesicular acidification, resulting in fragmentation and digestion of the phagosomal
contents (142, 148).
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1.7.2

Role

of

phagocytosis

in

epidermis

maintenance

and

homeostasis
Melanin provides photoprotection to the skin. UVB irradiation results in the upregulation
of melanogenic enzymes in melanocytes, concomitantly with increased expression and
activation of PAR-2 and KGF receptors in keratinocytes. These are physiological routes
that stimulate melanosome uptake in epidermal cells (113, 149, 150).
In the skin, UVB irradiation also causes activation and expression of early growth
response genes and growth factors. In particular, mesenchymal cells in the dermis
produce KGF, which acts in a paracrine manner on keratinocytes, (113, 151, 152). KGF
induces activation of Src and phospholipase C-γ, which is required for phagocytosis.

1.8

Rationale for study

Integrin and integrin adaptor proteins participate in a large number of keratinocyte
functions. ILK is an important integrin adaptor protein, and plays multiple roles in the
epidermis, including keratinocyte survival, forward migration and development of frontrear polarity (53, 79). ILK is also necessary for normal hair follicle morphogenesis and
hair follicle stem cell contribution to the regenerating epidermis (54, 153). However, the
role of ILK in maintaining epidermal architecture and whether it contributes to the
permeability barrier acquisition has not been investigated. I hypothesized that ILK plays
pleiotropic functions in the epidermis, and is necessary for proper epidermal barrier
function. These hypotheses were tested by fulfilling the following aims:
1)

To define the role of ILK in epidermal structure and barrier function.
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2)

To determine the role of ILK in bacterial invasion in keratinocytes.

3)

To examine the role of ILK in melanosome-like particle phagocytosis in
keratinocytes.

28

1.9

References

1.

Grice, E. A., and Segre, J. A. (2011) The skin microbiome. Nature reviews.
Microbiology 9, 244-253

2.

Simpson, C. L., Patel, D. M., and Green, K. J. (2011) Deconstructing the skin:
cytoarchitectural determinants of epidermal morphogenesis. Nat Rev Mol Cell
Biol 12, 565-580

3.

Proksch, E., Brandner, J. M., and Jensen, J. M. (2008) The skin: an indispensable
barrier. Exp Dermatol 17, 1063-1072

4.

Stern, C. D. (2005) Neural induction: old problem, new findings, yet more
questions. Development 132, 2007-2021

5.

Atit, R., Conlon, R. A., and Niswander, L. (2003) EGF signaling patterns the
feather array by promoting the interbud fate. Dev Cell 4, 231-240

6.

Furuse, M., Hata, M., Furuse, K., Yoshida, Y., Haratake, A., Sugitani, Y., Noda,
T., Kubo, A., and Tsukita, S. (2002) Claudin-based tight junctions are crucial for
the mammalian epidermal barrier: a lesson from claudin-1-deficient mice. J Cell
Biol 156, 1099-1111

7.

Braff, M. H., Di Nardo, A., and Gallo, R. L. (2005) Keratinocytes store the
antimicrobial peptide cathelicidin in lamellar bodies. J Invest Dermatol 124, 394400

8.

Meckfessel, M. H., and Brandt, S. (2014) The structure, function, and importance
of ceramides in skin and their use as therapeutic agents in skin-care products.
Journal of the American Academy of Dermatology 71, 177-184

9.

Bikle, D. D., Xie, Z., and Tu, C. L. (2012) Calcium regulation of keratinocyte
differentiation. Expert review of endocrinology & metabolism 7, 461-472

10.

Cornelissen, L. H., Oomens, C. W., Huyghe, J. M., and Baaijens, F. P. (2007)
Mechanisms that play a role in the maintenance of the calcium gradient in the
epidermis. Skin research and technology : official journal of International Society
for Bioengineering and the Skin 13, 369-376

11.

Sandilands, A., Sutherland, C., Irvine, A. D., and McLean, W. H. (2009) Filaggrin
in the frontline: role in skin barrier function and disease. J Cell Sci 122, 12851294

12.

Henry, J., Toulza, E., Hsu, C. Y., Pellerin, L., Balica, S., Mazereeuw-Hautier, J.,
Paul, C., Serre, G., Jonca, N., and Simon, M. (2012) Update on the epidermal
differentiation complex. Frontiers in bioscience 17, 1517-1532

13.

Fitzpatrick, T. B., and Breathnach, A. S. (1963) [the Epidermal Melanin Unit
System]. Dermatologische Wochenschrift 147, 481-489

29

14.

Nowak, J. A., Polak, L., Pasolli, H. A., and Fuchs, E. (2008) Hair follicle stem
cells are specified and function in early skin morphogenesis. Cell stem cell 3, 3343

15.

Girardi, M. (2006) Immunosurveillance and immunoregulation by gammadelta T
cells. J Invest Dermatol 126, 25-31

16.

Romani, N., Holzmann, S., Tripp, C. H., Koch, F., and Stoitzner, P. (2003)
Langerhans cells - dendritic cells of the epidermis. APMIS : acta pathologica,
microbiologica, et immunologica Scandinavica 111, 725-740

17.

Borkowski, T. A., Letterio, J. J., Farr, A. G., and Udey, M. C. (1996) A role for
endogenous transforming growth factor beta 1 in Langerhans cell biology: the
skin of transforming growth factor beta 1 null mice is devoid of epidermal
Langerhans cells. J Exp Med 184, 2417-2422

18.

Hemmi, H., Yoshino, M., Yamazaki, H., Naito, M., Iyoda, T., Omatsu, Y.,
Shimoyama, S., Letterio, J. J., Nakabayashi, T., Tagaya, H., Yamane, T., Ogawa,
M., Nishikawa, S., Ryoke, K., Inaba, K., Hayashi, S., and Kunisada, T. (2001)
Skin antigens in the steady state are trafficked to regional lymph nodes by
transforming growth factor-beta1-dependent cells. International immunology 13,
695-704

19.

Mauro, T., Bench, G., Sidderas-Haddad, E., Feingold, K., Elias, P., and
Cullander, C. (1998) Acute barrier perturbation abolishes the Ca2+ and K+
gradients in murine epidermis: quantitative measurement using PIXE. J Invest
Dermatol 111, 1198-1201

20.

Xie, Z., Singleton, P. A., Bourguignon, L. Y., and Bikle, D. D. (2005) Calciuminduced human keratinocyte differentiation requires src- and fyn-mediated
phosphatidylinositol 3-kinase-dependent activation of phospholipase C-gamma1.
Mol Biol Cell 16, 3236-3246

21.

Vasioukhin, V., Bauer, C., Yin, M., and Fuchs, E. (2000) Directed actin
polymerization is the driving force for epithelial cell-cell adhesion. Cell 100, 209219

22.

Xie, Z., and Bikle, D. D. (1999) Phospholipase C-gamma1 is required for
calcium-induced keratinocyte differentiation. J Biol Chem 274, 20421-20424

23.

Tu, C.-L., Chang, W., and Bikle, D. D. The Calcium-Sensing ReceptorDependent Regulation of Tu, C.-L., Chang, W., and Bikle, D. D. The CalciumSensing Receptor-Dependent Regulation of Cell-Cell Adhesion and Keratinocyte
Differentiation Requires Rho and Filamin A. J Invest Dermatol 131, 1119-1128

24.

Mitic, L. L., and Anderson, J. M. (1998) Molecular architecture of tight junctions.
Annual review of physiology 60, 121-142

30

25.

Dragsten, P. R., Blumenthal, R., and Handler, J. S. (1981) Membrane asymmetry
in epithelia: is the tight junction a barrier to diffusion in the plasma membrane?
Nature 294, 718-722

26.

Benezra, M., Greenberg, R. S., and Masur, S. K. (2007) Localization of ZO-1 in
the nucleolus of corneal fibroblasts. Invest Ophthalmol Vis Sci 48, 2043-2049

27.

Lee, D. B., Jamgotchian, N., Allen, S. G., Abeles, M. B., and Ward, H. J. (2008)
A lipid-protein hybrid model for tight junction. American journal of physiology.
Renal physiology 295, F1601-1612

28.

Ouchi, T., Kubo, A., Yokouchi, M., Adachi, T., Kobayashi, T., Kitashima, D. Y.,
Fujii, H., Clausen, B. E., Koyasu, S., Amagai, M., and Nagao, K. (2011)
Langerhans cell antigen capture through tight junctions confers preemptive
immunity in experimental staphylococcal scalded skin syndrome. J Exp Med 208,
2607-2613

29.

Boggetti, B., and Niessen, C. M. (2012) Adherens junctions in mammalian
development, homeostasis and disease: lessons from mice. Sub-cellular
biochemistry 60, 321-355

30.

Amagai, M. (2002) Pemphigus as a paradigm of autoimmunity and cell adhesion.
The Keio journal of medicine 51, 133-139

31.

Elias, P. M., Matsuyoshi, N., Wu, H., Lin, C., Wang, Z. H., Brown, B. E., and
Stanley, J. R. (2001) Desmoglein isoform distribution affects stratum corneum
structure and function. J Cell Biol 153, 243-249

32.

Amagai, M., and Stanley, J. R. (2012) Desmoglein as a target in skin disease and
beyond. J Invest Dermatol 132, 776-784

33.

Shen, L., and Turner, J. R. (2005) Actin depolymerization disrupts tight junctions
via caveolae-mediated endocytosis. Mol Biol Cell 16, 3919-3936

34.

Haviv, L., Gillo, D., Backouche, F., and Bernheim-Groswasser, A. (2008) A
cytoskeletal demolition worker: myosin II acts as an actin depolymerization
agent. Journal of molecular biology 375, 325-330

35.

Vladar, E. K., Bayly, R. D., Sangoram, A. M., Scott, M. P., and Axelrod, J. D.
(2012) Microtubules enable the planar cell polarity of airway cilia. Current
biology : CB 22, 2203-2212

36.

Lechler, T., and Fuchs, E. (2007) Desmoplakin: an unexpected regulator of
microtubule organization in the epidermis. J Cell Biol 176, 147-154

37.

Price, L. S., Langeslag, M., ten Klooster, J. P., Hordijk, P. L., Jalink, K., and
Collard, J. G. (2003) Calcium signaling regulates translocation and activation of
Rac. J Biol Chem 278, 39413-39421

31

38.

Helfrich, I., Schmitz, A., Zigrino, P., Michels, C., Haase, I., le Bivic, A., Leitges,
M., and Niessen, C. M. (2007) Role of aPKC isoforms and their binding partners
Par3 and Par6 in epidermal barrier formation. J Invest Dermatol 127, 782-791

39.

Martin-Belmonte, F., and Perez-Moreno, M. (2012) Epithelial cell polarity, stem
cells and cancer. Nat Rev Cancer 12, 23-38

40.

Ohno, S. (2001) Intercellular junctions and cellular polarity: the PAR-aPKC
complex, a conserved core cassette playing fundamental roles in cell polarity.
Curr Opin Cell Biol 13, 641-648

41.

Lechler, T., and Fuchs, E. (2005) Asymmetric cell divisions promote stratification
and differentiation of mammalian skin. Nature 437, 275-280

42.

Tu, C. L., Chang, W., and Bikle, D. D. (2011) The calcium-sensing receptordependent regulation of cell-cell adhesion and keratinocyte differentiation
requires Rho and filamin A. J Invest Dermatol 131, 1119-1128

43.

Suzuki, A., Ishiyama, C., Hashiba, K., Shimizu, M., Ebnet, K., and Ohno, S.
(2002) aPKC kinase activity is required for the asymmetric differentiation of the
premature junctional complex during epithelial cell polarization. J Cell Sci 115,
3565-3573

44.

Vaezi, A., Bauer, C., Vasioukhin, V., and Fuchs, E. (2002) Actin cable dynamics
and Rho/Rock orchestrate a polarized cytoskeletal architecture in the early steps
of assembling a stratified epithelium. Dev Cell 3, 367-381

45.

Mertens, A. E. E., Rygiel, T. P., Olivo, C., van der Kammen, R., and Collard, J.
G. (2005) The Rac activator Tiam1 controls tight junction biogenesis in
keratinocytes through binding to and activation of the Par polarity complex. The
Journal of Cell Biology 170, 1029-1037

46.

O'Brien, L. E., Jou, T. S., Pollack, A. L., Zhang, Q., Hansen, S. H., Yurchenco, P.,
and Mostov, K. E. (2001) Rac1 orientates epithelial apical polarity through effects
on basolateral laminin assembly. Nat Cell Biol 3, 831-838

47.

Harburger, D. S., and Calderwood, D. A. (2009) Integrin signalling at a glance. J
Cell Sci 122, 159-163

48.

Hynes, R. O. (2002) Integrins: Bidirectional, allosteric signaling machines. Cell
110, 673-687

49.

Humphries, M. J. (2002) Insights into integrin-ligand binding and activation from
the first crystal structure. Arthritis research 4 Suppl 3, S69-78

50.

Zaidel-Bar, R., Itzkovitz, S., Ma'ayan, A., Iyengar, R., and Geiger, B. (2007)
Functional atlas of the integrin adhesome. Nat Cell Biol 9, 858-867

32

51.

Margadant, C., Monsuur, H. N., Norman, J. C., and Sonnenberg, A. (2011)
Mechanisms of integrin activation and trafficking. Curr Opin Cell Biol 23, 607614

52.

Shattil, S. J., Kim, C., and Ginsberg, M. H. (2010) The final steps of integrin
activation: the end game. Nat Rev Mol Cell Biol 11, 288-300

53.

Ho, E., and Dagnino, L. (2012) Epidermal growth factor induction of front-rear
polarity and migration in keratinocytes is mediated by integrin-linked kinase and
ELMO2. Mol Biol Cell 23, 492-502

54.

Nakrieko, K.-A., Welch, I., Dupuis, H., Bryce, D., Pajak, A., St. Arnaud, R.,
Dedhar, S., D'Souza, S. J. A., and Dagnino, L. (2008) Impaired Hair Follicle
Morphogenesis and Polarized Keratinocyte Movement upon Conditional
Inactivation of Integrin-linked Kinase in the Epidermis. Molecular Biology of the
Cell 19, 1462-1473

55.

Ho, E., Irvine, T., Vilk, G. J., Lajoie, G., Ravichandran, K. S., D'Souza, S. J., and
Dagnino, L. (2009) Integrin-linked Kinase Interactions with ELMO2 Modulate
Cell Polarity. Mol Biol Cell 20, 3033-3043

56.

Braun, A., Bordoy, R., Stanchi, F., Moser, M., Kostka, G., Ehler, E., and Fassler,
R. (2003) PINCH2 is a new five LIM domain protein, homologous to PINCH and
localized to focal adhesions. Exp Cell Res 284, 239-250

57.

Tu, Y., Li, F., Goicoechea, S., and Wu, C. (1999) The LIM-only protein PINCH
directly interacts with integrin-linked-kinase and is recruited to integrin-rich sites
in spreading cells. Mol Cell Biol 19, 2425-2434

58.

Zhang, Y., Guo, L., Chen, K., and Wu, C. (2002) A critical role of the PINCHintegrin-linked kinase interaction in the regulation of cell shape change and
migration. J Biol Chem 277, 318-326

59.

Olski, T. M., Noegel, A. A., and Korembaum, E. (2001) Parvin, a 42 kDa focal
adhesion protein, related to the a-actinin superfamily. J Cell Science 114, 525-538

60.

Tu, Y., Huang, Y., Zhang, Y., Hua, Y., and Wu, C. (2001) A new focal adhesion
protein that interacts with integrin-linked kinase and regulates cell adhesion and
spreading. J Cell Biol 153, 585-598

61.

Nikolopoulos, S. N., and Turner, C. E. (2002) Molecular dissection of actopaxinintegrin-linked kinase-paxillin interactions and their role in subcellular
localization. J Biol Chem 277, 1568-1575

62.

Yamaji, S., Suzuki, A., Sugiyama, Y., Koide, Y.-I., Yoshida, M., Kanamori, H.,
Mohri, H., Ohno, S., and Ishigatsubo, Y. (2001) A novel integrin-linked kinasebinding protein, affixin, is involved in the early stage of cell-substrate interaction.
J. Cell Biol. 153, 1251-1264

33

63.

Nikolopoulos, S. N., and Turner, C. E. (2001) Integrin-linked kinase (ILK)
binding to paxillin LD1 motif regulates ILK localization to focal adhesions. J Biol
Chem 276, 23499-23505

64.

Wickstrom, S. A., Lange, A., Hess, M. W., Polleux, J., Spatz, J. P., Kruger, M.,
Pfaller, K., Lambacher, A., Bloch, W., Mann, M., Huber, L. A., and Fassler, R.
(2010) Integrin-linked kinase controls microtubule dynamics required for plasma
membrane targeting of caveolae. Dev Cell 19, 574-588

65.

Chiswell, B. P., Zhang, R., Murphy, J. W., Boggon, T. J., and Calderwood, D. A.
(2008) The structural basis of integrin-linked kinase-PINCH interactions. Proc
Natl Acad Sci U S A 105, 20677-20682

66.

Legate, K. R., Montanez, E., Kudlacek, O., and Fassler, R. (2006) ILK, PINCH
and parvin: the tIPP of integrin signalling. Nat Rev Mol Cell Biol 7, 20-31

67.

Maydan, M., McDonald, P. C., Sanghera, J., Yan, J., Rallis, C., Pinchin, S.,
Hannigan, G. E., Foster, L. J., Ish-Horowicz, D., Walsh, M. P., and Dedhar, S.
(2010) Integrin-linked kinase is a functional Mn2+-dependent protein kinase that
regulates glycogen synthase kinase-3beta (GSK-3beta) phosphorylation. PLoS
One 5, e12356

68.

Dagnino, L. (2011) Integrin-linked kinase: a Scaffold protein unique among its
ilk. J Cell Commun Signal 5, 81-83

69.

Fukuda, K., Gupta, S., Chen, K., Wu, C., and Qin, J. (2009) The pseudoactive site
of ILK is essential for its binding to alpha-Parvin and localization to focal
adhesions. Mol Cell 36, 819-830

70.

Lange, A., Wickstrom, S. A., Jakobson, M., Zent, R., Sainio, K., and Fassler, R.
(2009) Integrin-linked kinase is an adaptor with essential functions during mouse
development. Nature 461, 1002-1006

71.

Fukuda, K., Knight, J. D., Piszczek, G., Kothary, R., and Qin, J. (2011)
Biochemical, proteomic, structural, and thermodynamic characterizations of
integrin-linked kinase (ILK): cross-validation of the pseudokinase. J Biol Chem
286, 21886-21895

72.

Sakai, T., Li, S., Dicheva, D., Grashoff, C., Sakai, K., Kostka, G., Braun, A.,
Pfeifer, A., Yurchenco, P. D., and Fassler, R. (2003) Integrin-linked kinase (ILK)
is required for polarizing the epiblast, cell adhesion and controlling actin
accumulation. Genes Dev. 17, 926-940

73.

Terpstra, L., Prud'homme, J., Arabian, A., Takeda, S., Karsenty, G., Dedhar, S.,
and St-Arnaud, R. (2003) Reduced chondrocyte proliferation and
chondrodysplasia in mice lacking the integrin-linked kinase in chondrocytes. J
Cell Biol 162, 139-148

34

74.

Grashoff, C., Aszodi, A., Sakai, T., Hunziker, E. B., and Fassler, R. (2003)
Integrin-linked kinase regulates chondrocyte shape and proliferation. EMBO Rep
4, 432-438

75.

Acconcia, F., Barnes, C. J., Singh, R. R., Talukder, A. H., and Kumar, R. (2007)
Phosphorylation-dependent regulation of nuclear localization and functions of
integrin-linked kinase. Proc. Natl. Acad. Sci. USA 104, 6782-6787

76.

Nakrieko, K. A., Vespa, A., Mason, D., Irvine, T., D'Souza, S. J. A., and Dagnino,
L. (2008) Modulation of integrin-linked kinase cytoplasmic shuttling by ILKAP
and CRM1. Cell Cycle 7, 2157-2166

77.

Nakrieko, K. A., Rudkouskaya, A., Irvine, T. S., D'Souza S, J., and Dagnino, L.
(2011) Targeted inactivation of integrin-linked kinase in hair follicle stem cells
reveals an important modulatory role in skin repair after injury. Mol Biol Cell 22,
2532-2540

78.

Rudkouskaya, A., Welch, I., and Dagnino, L. (2014) ILK modulates epithelial
polarity and matrix formation in hair follicles. Mol Biol Cell 25, 620-632

79.

Nakrieko, K. A., Welch, I., Dupuis, H., Bryce, D., Pajak, A., St Arnaud, R.,
Dedhar, S., D'Souza, S. J., and Dagnino, L. (2008) Impaired hair follicle
morphogenesis and polarized keratinocyte movement upon conditional
inactivation of integrin-linked kinase in the epidermis. Mol Biol Cell 19, 14621473

80.

Vi, L., de Lasa, C., DiGuglielmo, G. M., and Dagnino, L. (2011) Integrin-linked
kinase is required for TGF-beta1 induction of dermal myofibroblast
differentiation. J Invest Dermatol 131, 586-593

81.

Edwards, A. M., Potter, U., Meenan, N. A., Potts, J. R., and Massey, R. C. (2011)
Staphylococcus aureus keratinocyte invasion is dependent upon multiple highaffinity fibronectin-binding repeats within FnBPA. PLoS One 6, e18899

82.

Diekema, D. J., Pfaller, M. A., Schmitz, F. J., Smayevsky, J., Bell, J., Jones, R.
N., Beach, M., and Group, S. P. (2001) Survey of infections due to
Staphylococcus species: frequency of occurrence and antimicrobial susceptibility
of isolates collected in the United States, Canada, Latin America, Europe, and the
Western Pacific region for the SENTRY Antimicrobial Surveillance Program,
1997-1999. Clinical infectious diseases : an official publication of the Infectious
Diseases Society of America 32 Suppl 2, S114-132

83.

Krishna, S., and Miller, L. S. (2012) Host-pathogen interactions between the skin
and Staphylococcus aureus. Curr Opin Microbiol 15, 28-35

84.

von Eiff, C., Becker, K., Metze, D., Lubritz, G., Hockmann, J., Schwarz, T., and
Peters, G. (2001) Intracellular persistence of Staphylococcus aureus small-colony
variants within keratinocytes: a cause for antibiotic treatment failure in a patient

35

with darier's disease. Clinical infectious diseases : an official publication of the
Infectious Diseases Society of America 32, 1643-1647
85.

Park, H. Y., Kim, C. R., Huh, I. S., Jung, M. Y., Seo, E. Y., Park, J. H., Lee, D.
Y., and Yang, J. M. (2013) Staphylococcus aureus Colonization in Acute and
Chronic Skin Lesions of Patients with Atopic Dermatitis. Annals of dermatology
25, 410-416

86.

Downing, D. T., Stewart, M. E., Wertz, P. W., Colton, S. W., Abraham, W., and
Strauss, J. S. (1987) Skin lipids: an update. J Invest Dermatol 88, 2s-6s

87.

Janssens, M., van Smeden, J., Puppels, G. J., Lavrijsen, A. P., Caspers, P. J., and
Bouwstra, J. A. (2014) Lipid to protein ratio plays an important role in the skin
barrier function in patients with atopic eczema. The British journal of
dermatology 170, 1248-1255

88.

Ghadially, R., Reed, J. T., and Elias, P. M. (1996) Stratum corneum structure and
function correlates with phenotype in psoriasis. J Invest Dermatol 107, 558-564

89.

Fulton, C., Anderson, G. M., Zasloff, M., Bull, R., and Quinn, A. G. (1997)
Expression of natural peptide antibiotics in human skin. Lancet 350, 1750-1751

90.

Nizet, V., Ohtake, T., Lauth, X., Trowbridge, J., Rudisill, J., Dorschner, R. A.,
Pestonjamasp, V., Piraino, J., Huttner, K., and Gallo, R. L. (2001) Innate
antimicrobial peptide protects the skin from invasive bacterial infection. Nature
414, 454-457

91.

Niyonsaba, F., Ushio, H., Nakano, N., Ng, W., Sayama, K., Hashimoto, K.,
Nagaoka, I., Okumura, K., and Ogawa, H. (2007) Antimicrobial peptides human
beta-defensins stimulate epidermal keratinocyte migration, proliferation and
production of proinflammatory cytokines and chemokines. J Invest Dermatol 127,
594-604

92.

Alva-Murillo, N., Lopez-Meza, J. E., and Ochoa-Zarzosa, A. (2014)
Nonprofessional phagocytic cell receptors involved in Staphylococcus aureus
internalization. BioMed research international 2014, 538546

93.

Sinha, B., and Fraunholz, M. (2010) Staphylococcus aureus host cell invasion and
post-invasion events. International journal of medical microbiology : IJMM 300,
170-175

94.

Hoffmann, C., Ohlsen, K., and Hauck, C. R. (2011) Integrin-mediated uptake of
fibronectin-binding bacteria. Eur J Cell Biol 90, 891-896

95.

Nitsche-Schmitz, D. P., and Chhatwal, G. S. (2013) Host-pathogen interactions in
streptococcal immune sequelae. Current topics in microbiology and immunology
368, 155-171

96.

Dziewanowska, K., Carson, A. R., Patti, J. M., Deobald, C. F., Bayles, K. W., and
Bohach, G. A. (2000) Staphylococcal fibronectin binding protein interacts with

36

heat shock protein 60 and integrins: role in internalization by epithelial cells.
Infect Immun 68, 6321-6328
97.

Que, Y. A., Haefliger, J. A., Piroth, L., Francois, P., Widmer, E., Entenza, J. M.,
Sinha, B., Herrmann, M., Francioli, P., Vaudaux, P., and Moreillon, P. (2005)
Fibrinogen and fibronectin binding cooperate for valve infection and invasion in
Staphylococcus aureus experimental endocarditis. J Exp Med 201, 1627-1635

98.

Menzies, B. E., Kourteva, Y., Kaiser, A. B., and Kernodle, D. S. (2002) Inhibition
of staphylococcal wound infection and potentiation of antibiotic prophylaxis by a
recombinant fragment of the fibronectin-binding protein of Staphylococcus
aureus. The Journal of infectious diseases 185, 937-943

99.

Bur, S., Preissner, K. T., Herrmann, M., and Bischoff, M. (2013) The
Staphylococcus aureus extracellular adherence protein promotes bacterial
internalization by keratinocytes independent of fibronectin-binding proteins. J
Invest Dermatol 133, 2004-2012

100.

Siemens, N., Patenge, N., Otto, J., Fiedler, T., and Kreikemeyer, B. (2011)
Streptococcus pyogenes M49 plasminogen/plasmin binding facilitates
keratinocyte invasion via integrin-integrin-linked kinase (ILK) pathways and
protects from macrophage killing. J Biol Chem 286, 21612-21622

101.

Wang, B., Yurecko, R. S., Dedhar, S., and Cleary, P. P. (2006) Integrin-linked
kinase is an essential link between integrins and uptake of bacterial pathogens by
epithelial cells. Cell Microbiol 8, 257-266

102.

Bergmann, S., Lang, A., Rohde, M., Agarwal, V., Rennemeier, C., Grashoff, C.,
Preissner, K. T., and Hammerschmidt, S. (2009) Integrin-linked kinase is required
for vitronectin-mediated internalization of Streptococcus pneumoniae by host
cells. J Cell Sci 122, 256-267

103.

Agerer, F., Lux, S., Michel, A., Rohde, M., Ohlsen, K., and Hauck, C. R. (2005)
Cellular invasion by Staphylococcus aureus reveals a functional link between
focal adhesion kinase and cortactin in integrin-mediated internalisation. J Cell Sci
118, 2189-2200

104.

Agerer, F., Michel, A., Ohlsen, K., and Hauck, C. R. (2003) Integrin-mediated
invasion of Staphylococcus aureus into human cells requires Src family proteintyrosine kinases. J Biol Chem 278, 42524-42531

105.

Amelung, S., Nerlich, A., Rohde, M., Spellerberg, B., Cole, J. N., Nizet, V.,
Chhatwal, G. S., and Talay, S. R. (2011) The FbaB-type fibronectin-binding
protein of Streptococcus pyogenes promotes specific invasion into endothelial
cells. Cell Microbiol 13, 1200-1211

106.

Cartwright, K. (2002) Pneumococcal disease in western Europe: burden of
disease, antibiotic resistance and management. European journal of pediatrics
161, 188-195

37

107.

Sarantis, H., and Grinstein, S. (2012) Subversion of phagocytosis for pathogen
survival. Cell host & microbe 12, 419-431

108.

Natarajan, V. T., Ganju, P., Ramkumar, A., Grover, R., and Gokhale, R. S. (2014)
Multifaceted pathways protect human skin from UV radiation. Nature chemical
biology 10, 542-551

109.

Seiji, M., Fitzpatrick, T. B., Simpson, R. T., and Birbeck, M. S. (1963) Chemical
composition and terminology of specialized organelles (melanosomes and
melanin granules) in mammalian melanocytes. Nature 197, 1082-1084

110.

Seiberg, M. (2001) Keratinocyte-melanocyte interactions during melanosome
transfer. Pigment cell research / sponsored by the European Society for Pigment
Cell Research and the International Pigment Cell Society 14, 236-242

111.

Huang, R. P., Wu, J. X., Fan, Y., and Adamson, E. D. (1996) UV activates growth
factor receptors via reactive oxygen intermediates. J Cell Biol 133, 211-220

112.

Ando, H., Niki, Y., Ito, M., Akiyama, K., Matsui, M. S., Yarosh, D. B., and
Ichihashi, M. (2012) Melanosomes are transferred from melanocytes to
keratinocytes through the processes of packaging, release, uptake, and dispersion.
The Journal of investigative dermatology 132, 1222-1229

113.

Cardinali, G., Ceccarelli, S., Kovacs, D., Aspite, N., Lotti, L. V., Torrisi, M. R.,
and Picardo, M. (2005) Keratinocyte growth factor promotes melanosome transfer
to keratinocytes. J Invest Dermatol 125, 1190-1199

114.

Boissy, R. E. (2003) Melanosome transfer to and translocation in the keratinocyte.
Experimental dermatology 12 Suppl 2, 5-12

115.

Byers, H. R., Maheshwary, S., Amodeo, D. M., and Dykstra, S. G. (2003) Role of
cytoplasmic dynein in perinuclear aggregation of phagocytosed melanosomes and
supranuclear melanin cap formation in human keratinocytes. J Invest Dermatol
121, 813-820

116.

Scott, G., Leopardi, S., Parker, L., Babiarz, L., Seiberg, M., and Han, R. (2003)
The Proteinase-Activated Receptor-2 Mediates Phagocytosis in a Rho-Dependent
Manner in Human Keratinocytes. J Investig Dermatol 121, 529-541

117.

Flannagan, R. S., Jaumouille, V., and Grinstein, S. (2012) The cell biology of
phagocytosis. Annu Rev Pathol 7, 61-98

118.

Vicente-Manzanares, M., Ma, X., Adelstein, R. S., and Horwitz, A. R. (2009)
Non-muscle myosin II takes centre stage in cell adhesion and migration. Nat Rev
Mol Cell Biol 10, 778-790

119.

Albert, M. L., Kim, J. I., and Birge, R. B. (2000) alphavbeta5 integrin recruits the
CrkII-Dock180-rac1 complex for phagocytosis of apoptotic cells. Nat Cell Biol 2,
899-905

38

120.

Beller, D. I., Springer, T. A., and Schreiber, R. D. (1982) Anti-Mac-1 selectively
inhibits the mouse and human type three complement receptor. J Exp Med 156,
1000-1009

121.

Hanayama, R., Tanaka, M., Miwa, K., Shinohara, A., Iwamatsu, A., and Nagata,
S. (2002) Identification of a factor that links apoptotic cells to phagocytes. Nature
417, 182-187

122.

Savill, J., Dransfield, I., Hogg, N., and Haslett, C. (1990) Vitronectin receptormediated phagocytosis of cells undergoing apoptosis. Nature 343, 170-173

123.

Nandrot, E. F., Anand, M., Almeida, D., Atabai, K., Sheppard, D., and
Finnemann, S. C. (2007) Essential role for MFG-E8 as ligand for alphavbeta5
integrin in diurnal retinal phagocytosis. Proc Natl Acad Sci U S A 104, 1200512010

124.

Arora, P. D., Manolson, M. F., Downey, G. P., Sodek, J., and McCulloch, C. A.
(2000) A novel model system for characterization of phagosomal maturation,
acidification, and intracellular collagen degradation in fibroblasts. J Biol Chem
275, 35432-35441

125.

Niedergang, F., and Chavrier, P. (2005) Regulation of phagocytosis by Rho
GTPases. Curr Top Microbiol Immunol 291, 43-60

126.

Dupuy, A. G., and Caron, E. (2008) Integrin-dependent phagocytosis: spreading
from microadhesion to new concepts. J Cell Sci 121, 1773-1783

127.

Caron, E., and Hall, A. (1998) Identification of two distinct mechanisms of
phagocytosis controlled by different Rho GTPases. Science 282, 1717-1721

128.

Kaplan, G. (1977) Differences in the mode of phagocytosis with Fc and C3
receptors in macrophages. Scandinavian journal of immunology 6, 797-807

129.

Allen, L. A., and Aderem, A. (1996) Molecular definition of distinct cytoskeletal
structures involved in complement- and Fc receptor-mediated phagocytosis in
macrophages. J Exp Med 184, 627-637

130.

Patel, P. C., and Harrison, R. E. (2008) Membrane ruffles capture C3bi-opsonized
particles in activated macrophages. Mol Biol Cell 19, 4628-4639

131.

Bohdanowicz, M., Cosio, G., Backer, J. M., and Grinstein, S. (2010) Class I and
class III phosphoinositide 3-kinases are required for actin polymerization that
propels phagosomes. J Cell Biol 191, 999-1012

132.

Sindrilaru, A., Peters, T., Schymeinsky, J., Oreshkova, T., Wang, H., Gompf, A.,
Mannella, F., Wlaschek, M., Sunderkotter, C., Rudolph, K. L., Walzog, B.,
Bustelo, X. R., Fischer, K. D., and Scharffetter-Kochanek, K. (2009) Wound
healing defect of Vav3-/- mice due to impaired {beta}2-integrin-dependent
macrophage phagocytosis of apoptotic neutrophils. Blood 113, 5266-5276

39

133.

Tzircotis, G., Braga, V. M., and Caron, E. (2011) RhoG is required for both
FcgammaR- and CR3-mediated phagocytosis. J Cell Sci 124, 2897-2902

134.

Caron, E., Self, A. J., and Hall, A. (2000) The GTPase Rap1 controls functional
activation of macrophage integrin alphaMbeta2 by LPS and other inflammatory
mediators. Curr Biol 10, 974-978

135.

Mao, Y., and Finnemann, S. C. (2012) Essential diurnal Rac1 activation during
retinal phagocytosis requires alphavbeta5 integrin but not tyrosine kinases focal
adhesion kinase or Mer tyrosine kinase. Mol Biol Cell 23, 1104-1114

136.

Griffin, F. M., Jr., Griffin, J. A., Leider, J. E., and Silverstein, S. C. (1975) Studies
on the mechanism of phagocytosis. I. Requirements for circumferential
attachment of particle-bound ligands to specific receptors on the macrophage
plasma membrane. J Exp Med 142, 1263-1282

137.

Swanson, J. A. (2008) Shaping cups into phagosomes and macropinosomes. Nat
Rev Mol Cell Biol 9, 639-649

138.

Niebuhr, M., Baumert, K., and Werfel, T. (2010) TLR-2-mediated cytokine and
chemokine secretion in human keratinocytes. Exp Dermatol 19, 873-877

139.

Schroder, J. M. (2010) The role of keratinocytes in defense against infection. Curr
Opin Infect Dis 23, 106-110

140.

Bunting, M., Harris, E. S., McIntyre, T. M., Prescott, S. M., and Zimmerman, G.
A. (2002) Leukocyte adhesion deficiency syndromes: adhesion and tethering
defects involving beta 2 integrins and selectin ligands. Current opinion in
hematology 9, 30-35

141.

Blystone, S. D., Graham, I. L., Lindberg, F. P., and Brown, E. J. (1994) Integrin
alpha v beta 3 differentially regulates adhesive and phagocytic functions of the
fibronectin receptor alpha 5 beta 1. J Cell Biol 127, 1129-1137

142.

Botelho, R. J., and Grinstein, S. (2011) Phagocytosis. Current biology : CB 21,
R533-538

143.

Grinstein, S. (2012) Sergio Grinstein: phagocytosis step by step. Interview by
Caitlin Sedwick. J Cell Biol 196, 392-393

144.

Dewitt, S., Tian, W., and Hallett, M. B. (2006) Localised PtdIns(3,4,5)P3 or
PtdIns(3,4)P2 at the phagocytic cup is required for both phagosome closure and
Ca2+ signalling in HL60 neutrophils. J Cell Sci 119, 443-451

145.

Kinchen, J. M., and Ravichandran, K. S. (2008) Phagosome maturation: going
through the acid test. Nat Rev Mol Cell Biol 9, 781-795

146.

Ebanks, J. P., Koshoffer, A., Wickett, R. R., Schwemberger, S., Babcock, G.,
Hakozaki, T., and Boissy, R. E. (2011) Epidermal keratinocytes from light vs.

40

dark skin exhibit differential degradation of melanosomes. J Invest Dermatol 131,
1226-1233
147.

Kinchen, J. M., Doukoumetzidis, K., Almendinger, J., Stergiou, L., ToselloTrampont, A., Sifri, C. D., Hengartner, M. O., and Ravichandran, K. S. (2008) A
pathway for phagosome maturation during engulfment of apoptotic cells. Nat Cell
Biol 10, 556-566

148.

Wang, T., Ming, Z., Xiaochun, W., and Hong, W. (2011) Rab7: role of its protein
interaction cascades in endo-lysosomal traffic. Cell Signal 23, 516-521

149.

Virador, V. M., Muller, J., Wu, X., Abdel-Malek, Z. A., Yu, Z. X., Ferrans, V. J.,
Kobayashi, N., Wakamatsu, K., Ito, S., Hammer, J. A., and Hearing, V. J. (2002)
Influence of alpha-melanocyte-stimulating hormone and ultraviolet radiation on
the transfer of melanosomes to keratinocytes. Faseb J 16, 105-107

150.

Sharlow, E. R., Paine, C. S., Babiarz, L., Eisinger, M., Shapiro, S., and Seiberg,
M. (2000) The protease-activated receptor-2 upregulates keratinocyte
phagocytosis. J Cell Sci 113 ( Pt 17), 3093-3101

151.

Cardinali, G., Bolasco, G., Aspite, N., Lucania, G., Lotti, L. V., Torrisi, M. R.,
and Picardo, M. (2008) Melanosome transfer promoted by keratinocyte growth
factor in light and dark skin-derived keratinocytes. J Invest Dermatol 128, 558567

152.

Belleudi, F., Purpura, V., Scrofani, C., Persechino, F., Leone, L., and Torrisi, M.
R. (2011) Expression and signaling of the tyrosine kinase FGFR2b/KGFR
regulates phagocytosis and melanosome uptake in human keratinocytes. FASEB J
25, 170-181

153.

Nakrieko, K. A., Rudkouskaya, A., Irvine, T. S., D'Souza, S. J., and Dagnino, L.
(2011) Targeted inactivation of integrin-linked kinase in hair follicle stem cells
reveals an important modulatory role in skin repair after injury. Mol Biol Cell 22,
2532-2540

41

Chapter 2
2

Integrin-linked kinase is required for epidermal
integrity and barrier function

2.1

Introduction

The epidermis is a stratified epithelium composed of keratinocytes at various
differentiation stages. Specifically, keratinocytes in the innermost, basal layer are
undifferentiated and exhibit proliferative capacity. Basal keratinocytes can differentiate,
giving rise to all suprabasal layers. Ca2+ is a key modulator of keratinocyte
differentiation. Indeed, there is a gradient of extracellular Ca2+ in the epidermis with
higher concentration found in the granular layer (1).
Basal keratinocytes form strong adhesions with the underlying basement membrane
underneath the basal layer, which are responsible for the attachment of the epidermis to
the underlying dermis. In addition, they assemble a variety of Ca2+-dependent junctions,
which mediate intercellular adhesion. For example, adherens junctions are present in the
apical-lateral aspect of basal cells and throughout cell borders of suprabasal keratinocytes
(2). Similarly, desmosomes are relatively abundant in the spinous layer (3). As
keratinocytes differentiate and migrate to the granular layer, they become highly
crosslinked, thus establishing a strong physical barrier to chemicals and pathogens
through the formation of tight junctions and desmosomes (4). Many cutaneous disorders,
including pathogen colonization and atopic dermatitis, are associated with impaired
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barrier function (5, 6).
In the epidermis, the establishment of apical-basal cell polarity is essential for proper
barrier function (7, 8). In the basal layer, keratinocytes express integrins, which localize
to areas adjacent to the basement membrane, and are essential for the integrity of the
dermal-epidermal junction (9). Integrin-linked kinase (ILK) is a scaffold protein with
multiple roles in keratinocytes, including migration, development of front-rear cell
polarity and phagocytosis (10, 11). ILK also modulates apical-basal polarity of
keratinocytes in the developing hair follicle, and is required for specification of the hair
matrix lineage (12). In spite of its established importance in epidermal development, the
role of ILK in epidermal barrier formation is poorly understood. In this study, I show that
ILK modulates normal differentiation and establishment of cell-cell junctions in
keratinocytes through RhoA-dependent mechanisms that involve responses to
extracellular Ca2+.

2.2
2.2.1

Materials and methods
Mouse strains

The mouse strains used were: Ilktm1Star, with engineered loxP sites downstream from
exons 4 and 12 of the Ilk gene (hereafter termed Ilkf/f), Tg (KRT14-cre) 1Amc/J (hereafter
termed K14Cre; Stock No. 004782, The Jackson Laboratory, Bar Harbor, Maine) (13,
14). Ilkf/f mice were bred with K14Cre mice to produce animals hemizygous for the
KRT14-Cre allele, and either homozygous or heterozygous for the floxed Ilk allele
(K14Cre; Ilkf/f or K14Cre; Ilkf/+ respectively). Mice were genotyped as previously
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described (15). mT/mG -Ilkf/f mice were kind gift from Dr Rashmi Kothary, University of
Ottawa (16). mT/mG Ilkf/f mice were bred with K14Cre; Ilkf/+ to produce animals
hemizygous for mT/mG and KRT14Cre allele and either homozygous or heterozygous for
the floxed Ilk allele (mT/mG-K14Cre; Ilkf/f or mT/mG-K14Cre; Ilkf/+ respectively). All
protocols for mouse experimentation were approved by the University of Western
Ontario Animal Use Care Committee (Approved Protocol No. 2007-005), in accordance
with regulations and guidelines from the Canadian Council on Animal Care. For
experiments with embryonic tissues, midday of the day that vaginal plugs appeared was
considered as E0.5. All results shown are representative of analyses conducted on
multiple tissue sections from 3-6 animals of each genotype, generated from multiple
litters.

2.2.2

Cell culture and transfections

Primary murin keratinocytes were isolated from 3-day-old mice and cultured in
keratinocyte growth medium as described (10, 11). Keratinocytes were seeded onto cell
culture plates or, alternatively, glass coverslips coated with rat tail collagen type I (50
µg/ml, BD Biosciences, Bedford, MA), and were transiently transfected using
polyethyleneimine (10) or X-tremeGene9 (06365779001, Roche, Mississauga, Ontario,
Canada), using 1 µg DNA and 6 µl of transfection reagent per 2 cm2, and following the
manufacturer’s instructions.

2.2.3

Immunohistochemistry and microscopy

Paraffin-embedded tissues were fixed in Zn buffer (0.1 M Tris-HCl, pH 7.8, 0.05%
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calcium acetate, 0.5% zinc acetate, 0.5% zinc chloride) or freshly diluted 4%
paraformaldehyde. Tissues were subjected to antigen retrieval prior to incubation with
primary antibodies. For immunohistochemical detection of desmoglein 4 and α-smooth
muscle actin (α-SMA), 7-µm paraffin-embedded sections were subjected to hightemperature antigen retrieval, with 10 mM sodium citrate (pH 6.0), followed by
incubation with primary antibody, using Vectastain Elite ABC kits and ImmPRESS
reagent (Vector Laboratories, Burlingame, CA). Immunoreactivity signals were
visualized with ImmPACT NovaRED peroxidase substrate (Vector Laboratories), and
tissues were counterstained with Methyl Green. To detect all other proteins, tissues were
protected by embedding in Optimal Cutting Temperature (OCT) compound (Sakura
Finetek, Torrance, CA) prior to freezing. Cryosections (7-10 µm) were fixed either with
acetone:chloroform (1:1 vol/vol, -20°C, 15 min) to detect Rac1, or with 4%
paraformaldehyde for all the other proteins. Fixed tissues were treated for 15 min with
0.2% Triton X-100 in phosphate-buffered saline (PBS), followed by a 30-min blocking
incubation with Powerblock Universal Blocking Reagent (No. HK085-5K BioGenex, San
Ramon, CA). M.O.M. basic kits (Vector laboratories) were used with mouse monoclonal
primary

antibodies,

following

the

manufacturer’s

instructions.

Fluorescence

photomicrographs were acquired with a Leica DMIRBE microscope equipped with an
Orca-ER digital camera (Hamamatsu Photonics, Japan), using Volocity 6.2.2 software
(Improvision, United Kingdom). Light microscopy images were obtained with a Zeiss
Axio Imager Z1 microscope, equipped with a Zeiss AxioCam ICC 1 camera, using Axio
Vision 4.6.3 software (Carl Zeiss, USA). Confocal analysis was conducted with a Zeiss
LSM 510 DUO scanning laser confocal microscope, using ZEN 2009 SP1 software
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(Zeiss, Germany). Staining with primary or secondary antibody alone was used as
negative control.

2.2.4

Bacterial Strains

The community acquired methicillin-resistant Staphylococcus aureus strain USA300FPR3757 (17) was obtained from the Network on Antimicrobial Resistance in
Staphylococcus aureus (NARSA) repository. The strains NE186 and NE728 from the
Nebraska Transposon Mutant Library were also obtained from the Network on
Antimicrobial Resistance in Staphylococcus aureus repository, and carry the bursa
aurealis mariner-based, erythromycin-resistance expressing transposon within the genes
encoding fibronectin-binding protein A or B, respectively. Bacteria were cultured at 37°C
in tryptic soy broth (TSB, Difco, Detroit, MI) under shaking conditions (200 rpm) or in
TSB agar plates. GFP-expressing bacteria were generated by electroporation of the
prsA::gfp reporter plasmid, followed by culture in the presence of erythromycin (10
µg/ml, Sigma, St. Louis, MO). For invasion assays, S. aureus USA300 prsA::gfp was
streaked onto tryptone soy agar plate containing 10 µg/mL erythromycin from frozen
glycerol stocks and incubated at 37OC overnight. A single colony from the plate was
used to inoculate tryptone soy agar plate containing 10 µg/mL erythromycin, incubated at
37OC overnight and sub-cultured the next day to an OD600 of 0.05 in TSB without any
antibiotics. This inoculate was incubated at 37OC until an OD600 of 1.0 was achieved (3-4
hours). The bacteria were then centrifuged at 14000 rpm for 1 minute, washed thrice with
phosphate buffered saline (PBS) and resuspended at a density of 1x106 /µl prior to
addition to keratinocyte cultures.
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2.2.5

Ex vivo bacterial invasion assay

Following euthanasia, dorsal skins from 3-day-old K14Cre;Ilkf/+ or K14Cre;Ilkf/f mice
were gently stripped three times with ordinary adhesive tape (6200, HighlandMC, St. Paul,
MN), and then harvested. The tissues were placed epidermis side up on 24-mm tissue
culture inserts (8-µm pore size, Cat. No. 3428, Transwell Corning, NY), the tissue edges
were sealed with a 1:1 vol/vol mixture of white petroleum jelly and mineral oil, and the
inserts were placed in Transwell chambers containing 1.5 ml of Ca2+-free EMEM
supplemented with 2% FBS in the lower chamber. A 10-µl aliquot of GFP-tagged S.
aureus (1x108 CFU in PBS) was carefully placed on the epidermis, at the center of the
skin, and surrounded by the petroleum jelly mix, to prevent it from spreading. The
explants were cultured for 6 h at 37°C. The tissues were embedded in optimal cutting
temperature compound (Tissue-Tek 4583, Sakamura Finetechnical Co., Tokyo, Japan)
and frozen. Separately, aliquots of the culture medium from the lower chamber were
diluted to quantify the CFU present as described above for bacterial invasion assays.
For dextran penetration experiments, 10 µl of high molecular weight (10,000 MW) Alexa
Flour® 594-conjugated dextran (5 µg/ml dissolved in PBS) (D22913, Life technologies)
were placed onto the skin explants, which were then incubated at 37°C in a humidified
atmosphere for 24 hr. The fluorescence intensity of penetrated dextran was measured
using a microplate reader with Softmax Pro Version 5 software.
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2.2.6

Immunoblot analysis

Dorsal skin protein lysates were prepared by homogenizing 60-70 mg tissue in lysis
buffer A (100 mM Tris-HCl, pH 6.8, 1% NP-40, 10 mM EDTA, 1M urea). To prepare
epidermal lysates, skin were harvested and incubated with Dispase II (Roche, 8 mg/ml,
final) for 1 h at 37°C. The epidermis was mechanically separated from the dermis and
homogenized in buffer A. Proteins in cell lysates were resolved by denaturing
polyacrylamide gel electrophoresis and analyzed by immunoblot (18).

2.2.7

Antibodies

The antibodies used for these experiments and their working dilutions are shown in
Table 2.1.
Table 2.1. List of antibodies used in Chapter 2.
Antibody

Species that the Ab Catalogue
was

raised

Supplier

in/ number

Dilution
Rac1

Mouse 1/100

O5-389

Millipore

DSG4

Rabbit 1/100

ABIN966012

Antibodiesonline Inc.

Filaggrin

Rabbit 1/100

PRB-417P

Covance

IntegrinB1

Rat 1/100

MAB1997

Millipore

K14

Rabbit 1/500

CLPRB-155P

Covance
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K14

Mouse 1/500

LL002

NeoMarkers

aPKCλ

Mouse 1/100

9378

Cell signaling

ZO-1

Rabbit 1/200

61-7300

Invitrogen

E-cadherin

Mouse 1/100

33-4000

Invitrogen

α-SMA

Mouse 1/500

A2547

Sigma

pSMAD

1/100

SC25525

Santa Cruz

GAPDH

Mouse 1/100

ADI-CSA-335

Invitrogen

ILK

Mouse 1/100

611802

Transduction
Laboratories

CaR

Mouse 1/100

sc-33821

Santa Cruz

RhoA

Mouse 1/100

sc-418

Santa Cruz

Collagen

XVII Rabbit 1/500

A kind gift from Dr C.W. Franzke

(NC14A)
CD45,

Mouse 1/100

56-0451-82

eBioscience

APC, Mouse 1/100

17-0114-82

eBioscience

MHC II, APC, Mouse 1/100

17-5321-18

eBioscience

17-4801-82

eBioscience

AlexaFluor®700,
Clone 30-F11

CD11c,
Clone N418

Clone m5/114.15.2

F4/80,
Clone bm8

APC, Mouse 1/100
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2.2.8

Measurement of cytosolic Ca2+

To measure cytosolic Ca2+, undifferentiated ILK-expressing and ILK-deficient
keratinocytes were cultured on 3.5-cm dishes (P356-1.5-14-c, MatTek, Ashland, MA,
USA) coated with 50 µg/ml rat tail collagen type I (C3867 BD Bioscience), at a density
of 1x106 cells per dish. Forty-eight hours after plating, the cells were washed with PBS
and fresh growth medium containing low Ca2+ and 3 µM fura-‐2 acetoxymethylester
(FURA-2, 3 µM final) (Invitrogen, Burlington, Canada) was added. The cells were
incubated for 30 min at 37 °C. Subsequently, time-lapse images of groups containing 4-6
cells were acquired for 5 min, to measure FURA-2 associated fluorescence in the
presence of low Ca2+ concentrations. The extracellular Ca2+ concentration was then
adjusted to 1 mM by adding media containing 2 mM Ca2+, and cell images were acquired
for 20 additional minutes, using a Plan Fluor 40X/1.3 NA oil/water immersion objective
for fluorescence. Keratinocytes were irradiated with alternating light wavelengths of 345
and 380 nm, using a DeltaRamlight source (Photon Technology International [PTI] Inc.,
Birmingham, NJ, USA) and emission was measured at 510 ± 20 nm. The 345 nm: 380
nm fluorescence ratio was measured at intervals of 3-6 seconds, using a Cascade
Photometrics 650 CCD camera (653-492 pixels; Roper Scientific Inc., Tucson, AZ, USA)
and, using ImageMaster 5 Software (PTI Inc, S. Brunswick, NJ, USA).

2.2.9

Measurement of GTP-bound RhoA levels

RhoA-GTP abundance was measured using a luminescence-based G-LISA RhoA
activation assay (BK126; Cytoskeleton, Denver, CO, USA). For these experiments,
keratinocytes were cultured for 2 days in low-Ca2+ growth medium, followed by a 4-hour
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incubation in serum- and growth additive-free EMEM containing 25 µg/ml BSA.
Keratinocytes were stimulated by the addition of Ca2+ to the culture medium (2 mM,
final) and cell lysates were prepared at timed intervals, according to the kit
manufacturer’s instructions. RhoA-GTP levels were measured in samples containing 1 µg
protein. Protein-free lysis buffer was used to obtain background readings. Treatments
were conducted on duplicate samples, and the experiments were repeated 6 times.
Statistical significance was set to P< 0.05 (ANOVA).

2.2.10

Statistical analysis

Statistical analyses were conducted using paired student’s t-test, one- or two-way analysis
of variance (ANOVA) with Bonferroni post-hoc test, as indicated in individual
experiments. These analyses were conducted using GraphPad Prism version 5. Statistical
significance was set to P<0.05. All experiments were conducted 3-6 times.

2.3
2.3.1

Results
Alterations in architecture and integrity in ILK-deficient
epidermis

The perinatal ILK-deficient epidermis exhibits several abnormalities, including areas of
detachment from the basement membrane, and intraepidermal edema (19, 20). However,
it is not known whether these phenotypic alterations occur postnatally as a result of
mechanical stress, or whether they are already present in embryonic epidermis, which is
not subjected to friction or other physical stresses. To address this issue, I first conducted
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a histological analysis of embryonic ILK-deficient epidermis, and compared it with
normal tissues. At relatively early stages of development, up to E16.5, there are no
detectable differences in epidermal organization between ILK-deficient and ILKexpressing epidermis (Figure 2.1A). However, in E17.5 embryos, alterations in basal
keratinocyte morphology become evident in the absence of ILK. Further, at this stage,
epidermal-dermal microblisters were observed, together with the presence of intraepidermal blisters (Figure 2.1A). This phenotype persisted in postnatal skin, as late as 4
days of age, when most mutant mice perish, and exhibited pronounced intra-epidermal
blisters (Figure 2.1A).
I also observed a decrease in ILK-deficient skin thickness, relative to ILK-expressing
tissues in P4, but not in E18.5 mice (Figure 2.1B-D). I quantified the thickness of all the
skin layers at P4 and found that the average thickness of ILK-expressing and ILKdeficient epidermis was 11.3 ± 0.5 µm and 9.3 ± 0.4 µm, respectively, which were
significantly different (Figure 2.1C). Dermal thickness was 86.4 ± 5.2 µm in ILKexpressing and 62.4 ± 3.5 µ in ILK-deficient skin, whereas the hypodermis showed about
10-fold decrease in thickness in the absence of ILK (Figure 2.1C). I also noticed a
substantial increase in cellularity in the dermis of ILK-deficient skin. Quantification of
the number of nuclei per surface area confirmed a significant increase in the number of
cells in the dermis of mice with epidermis-restricted inactivation of Ilk gene (Figure
2.1E). Indeed, the number of cell nuclei per mm2 in normal skin was 5.6 ± 0.2, whereas it
significantly increased in skin containing ILK-deficient epidermis to 9.3 ± 0.6. The
dermis hypercellularity was also observed in E18.5 ILK-deficient embryos (Figure
2.1F). The defects in ILK-deficient epidermis attachment to the basement membrane are
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accompanied by abnormalities in the distribution of α6β4 and αβ1 integrin distribution at
the dermal-epidermal junction (19-21). In particular, α6β4 integrins are important for the
formation of hemidesmosomes in basal keratinocytes. Other proteins also contribute to
the formation of hemidesmosomes in the epidermis, including collagen XVII (22).
Consequently, I investigated if the subcellular distribution of this transmembrane protein
is altered in the absence of ILK. I observed that, in normal skin, collagen XVII
immunofluorescence localizes to the basal and lateral aspects of basal keratinocytes. In
contrast, in the absence of ILK, collagen XVII immunofluorescence appears diffuse,
discontinuous and is occasionally present in the apical side of basal keratinocytes (Figure
2.1G). Thus, the structure and organization of hemidesmosomes in ILK-deficient
epidermis are likely altered.

2.3.2

Inflammatory responses in ILK-deficient epidermis

The abnormalities in ILK-deficient epidermis are accompanied by upregulation of
transcripts encoding pro-inflammatory mediators and their targets, such as TGF-β2 and
α-smooth muscle actin (α-SMA), respectively (23). To further explore these
inflammatory responses in ILK-deficient epidermis, I first examined whether TGF-β
signalling is activated. To this end, I compared the levels of phosphorylated SMAD 2/3 in
ILK-expressing and –deficient tissues. Whereas phospho-SMAD 2/3 was readily detected
in ILK-deficient epidermis, it was undetectable in normal tissue (Figure 2.2A), indicating
the activation of TGF-β receptor signalling. In agreement with this notion, abundant αSMA immunoreactivity was observed in dermal fibroblasts, throughout the few hair
follicles formed and along the basal keratinocyte layer in skin containing ILK-deficient
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Figure 2.1. ILK-deficient epidermis exhibits abnormal morphology and defective
integrity.
(A) Dorsal skin sections from mice of the indicated age and genotype were stained with
hematoxylin and eosin. Epidermis with defective morphology is shown in the insets with
higher magnification. Bar, 50 µm. (B) Dorsal skin sections of 4-day-old mice with the
indicated genotype were stained with hematoxylin and eosin and photographed at lower
magnification. Bar, 50 µm. (C) Quantification of the thickness of dorsal skin layers in 4day-old mice. The histograms represent five measurements per each of five hematoxylin
and eosin images per animal using AxioVision (Zeiss) software. Data are expressed as
the average + SEM (n=3 per genotype). The asterisk indicates P<0.05 (ANOVA). (D)
Quantification of the thickness of dorsal skin layers in E18.5 embryos. The histograms
represent five measurements per image. Five hematoxylin and eosin images per animal
were analyzed using AxioVision (Zeiss) software. The data are expressed as the average
+ SEM (n=3 per genotype). The asterisk indicates P<0.05 (Student’s t-test). (E, F)
Quantification of cell density in the dermis of dorsal skin in 3-day-old (E) and E18.5 (F)
animals. The histograms represent five measurements per image. Five hematoxylin and
eosin images per animal were analyzed using AxioVision (Zeiss) software. The data are
expressed as the average + SEM (n=5 per genotype). The asterisk indicates P<0.05
(Student’s t-test). (G) Confocal images of epidermal tissue from 3-day-old animals with
the indicated genotypes analyzed with antibodies against Collagen XVII (NC14A).
Nuclear DNA was visualized with Hoechst 33342. Bar, 50 µm.
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epidermis (Figure 2.2B, C). In contrast, and consistent with previous reports, α-SMA
was observed in the dermal sheath that envelops the hair follicles in normal epidermis as
well as in the smooth muscle cells lining the dermal blood vesselsz (24) (Figure 2B). To
investigate if the activation of pro-inflammatory pathways in ILK-deficient epidermis
also resulted in local recruitment of inflammatory cells, I isolated epidermal cells from a
reporter K14Cre;Ilkf/f;mT/mG mouse strain (Chapter 3, Page 90). In these mice,
epidermal keratinocytes express Cre recombinase and GFP, whereas all other cell types
do not express Cre, but express mTomato. This reporter system allowed me to identify
targeted, ILK-deficient keratinocytes from other cell types present in the epidermis of
those animals, using fluorescence-activated cell sorting of epidermal isolates (Figure
2.2D). The number of GFP- and mTomato-expressing cells was comparable in both ILKexpressing and ILK-deficient cell samples (Figure 2.2E). To determine if these cell
preparations included lymphoid lineage populations, cells were incubated with anti-CD45
antibodies. I observed that the number of CD45-expressing cells was about two-fold
greater in ILK-deficient epidermal isolates (Figure 2.2F). This cell population was
further characterized, based on the presence of antigen presenting cell markers, such as
CD11c, F4/80 and MHC II (Figure 2.2F). I observed that the number of cells that
express markers of antigen- presenting cells were twice as abundant in ILK-deficient
epidermal isolates.
Thus, the loss of integrity in ILK-deficient epidermis is accompanied by a significant
increase in the abundance of immune cells, and the activation of pro-inflammatory
injury-repair signals.
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Figure 2.2. Lack of ILK results in inflammatory environment in the epidermis.
(A) Western blot analysis of protein lysates prepared from the epidermis, isolated from
dorsal skin of 3-day-old mice with the indicated genotypes (four different animals per
genotype from two different litters). Analyzed were phosphorylated Smad2 (pSMAD2),
total SMAD2/3 proteins, ILK and GAPDH (loading control). (B) Dorsal tissue sections
of 3-day-old mice were processed for immunohistochemistry using antibodies against
αSMA, and counterstained with methyl green. Bar, 50 µm. (C) Immunoblot analysis of
epidermal protein lysates prepared from dorsal skin of 3-day-old mice with the indicated
genotypes (four different animals per genotype from two different litters). β-tubulin
(loading control). (D) ILK-expressing and ILK-deficient mT/mG-keratinocytes were
isolated from 3-day-old mice. mTomato- and GFP-positive cells were gated as shown.
7AAD was used to exclude terminally differentiated and dead cells. (E) Quantification of
total GFP-positive and mTomato-positive cell populations in ILK-expressing and ILKdeficient epidermis. (F) Quantification of markers (CD11c, F4/80 and MHC II, markers
of antigen-presenting cells) in mTomato- and CD45+-double positive cells from ILKexpressing and ILK-deficient epidermis. The results are representative of three separate
experiments. The asterisk indicates P<0.05 (ANOVA).
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2.3.3

Inactivation of Ilk leads to abnormal cell-cell junctions and loss
of polarity in the epidermis

To further investigate the underlying mechanism(s), that could explain the presence of
blisters in ILK-deficient epidermis, I investigated cell-cell junction formation. To this
end, I analyzed the distribution patterns of E-cadherin in the epidermis. In normal
epidermis, E-cadherin is localized to the apical-lateral membrane of basal keratinocytes,
and to all cell borders in suprabasal cells (Figure 2.3A). In contrast, ILK-deficient
epidermis shows diffuse distribution of E-cadherin in basal keratinocytes (Figure 2.3A).
This is suggestive of abnormalities in polarity in the basal layer in the absence of ILK. To
investigate this possibility, I next determined the distribution of β1 integrins and the
organization of actin filaments. In ILK-expressing basal keratinocytes, β1 integrins
localize to areas adjacent to the basement membrane, and less intense β1 integrin
immunoreactivity is observed on the lateral aspect of these cells (Figure 2.3B). In normal
keratinocytes, cortical F-actin fibers are observed along the apical and lateral surfaces. In
contrast, in ILK-deficient epidermis, β1 integrins are distributed along all cell borders,
including the apical side, as well as in intracellular pools, whereas F-actin fibers are
observed along cell membrane regions attached to the basement membrane (Figure
2.3B). Thus, the polarized distribution of integrins and cortical actin are altered in the
absence of ILK. These findings prompted me to examine the distribution of aPKCι, the
mouse orthologue of aPKCλ, which has been used as a polarity marker in simple
epithelia (25). aPKCι predominantly localized to the apical aspect of basal ILKexpressing keratinocyte, whereas it was barely detectable in ILK-deficient cells (Figure
2.3C). Small GTPases are upstream activators of aPKC and key modulators of actin
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cytoskeleton dynamic (26). Next, I studied the distribution pattern of Rac1 and found that
in ILK-expressing epidermis, Rac1 is predominantly localized to the cell-cell borders of
basal and suprabasal keratinocytes (Figure 2.3D). However, in the absence of ILK, it
follows an irregular pattern in which some cells exhibit Rac1 immunofluorescence in a
pattern similar to that of F-actin and E-cadherin, adjacent to the basement membrane,
whereas other basal cells lack detectable Rac1. In other areas Rac1 is missing in some
cells of the basal layer.
Loss of polarity in basal keratinocytes can lead to abnormal junction formation in
suprabasal layer. To investigate if the abnormalities in cell polarity observed in basal
keratinocytes also resulted in alterations in suprabasal keratinocytes, I investigated the
distribution of ZO-1 and Desmoglein 4, markers of tight junctions and desmosomes,
respectively (27). In ILK-expressing epidermis, ZO-1 is mainly localized to the
suprabasal layers, and shows a punctate pattern in the granular layers (Figure 2.3E),
where tight junctions are formed (28). However, in the absence of ILK, ZO-1
immunoreactivity shows diffuse pattern. Further, the punctate distribution of ZO-1 in the
granular layer was not detectable in ILK-deficient epidermis. This suggests that in ILKdeficient epidermis tight junctions may not be properly assembled. Desmoglein 4 (Dsg4)
immunostaining revealed that this protein is localized to cell borders in ILK-expressing
granular keratinocytes (Figure 2.3F). Dsg4 immunostaining was more intense in the
corneocytes, relative to the spinous layer. In ILK-deficient epidermis, besides the
diffused expression of Dsg4, I also noticed an ectopic expression of this protein in the
basal layer, where it is reported to be devoid of Dsg4 expression (29). The abnormalities
in ZO-1 and Dsg4 distribution in ILK-deficient epidermis prompted me to
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Figure 2.3. ILK-deficiency results in abnormal organization of cell-cell junctions in
the epidermis.
Dorsal skin sections from 3-day-old mice with the indicated genotypes were processed
for confocal microscopy, using antibodies against E-cadherin (A), β1 integrin and
phalloidin to visualize F-actin (B) aPKCι (C), Rac1 (D), ZO-1 (E), Filaggrin and K14
(G). In ZO-1 panel, brightness was enhanced to visualize the outline of the tissue. Dashed
lines show the top of the cornified layer and the basal layer. Arrows show the location of
tight junctions. Bar, 20 µm. (F) Dorsal skin sections from 3-day-old mice with the
indicated genotypes were processed for immunohistochemistry using antibody against
desmoglein 4. Dashed line shows the basal layer. Bar, 50 µm.
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investigate additional markers of differentiation in granular layer, such as filaggrin. In
ILK-expressing postnatal epidermis, filaggrin localizes to the borders of lamellar bodies
in granular layers. However, in ILK-deficient epidermis, filaggrin shows a discontinuous
distribution pattern, and some areas in the granular keratinocytes lack detectable filaggrin
immunostaining (Figure 2.3G). Together, my results suggest that ILK is necessary for
proper organization of cell-cell junctions and for normal differentiation of keratinocytes.

2.3.4

Impaired barrier function in the absence of ILK

To study the functional consequences of the alterations observed in the absence of ILK, I
placed skin explants with ILK-deficient and ILK-expressing epidermis on Transwell
filters, and I incubated them for 6 h with GFP-tagged Staphylococcus aureus, an invasive
skin pathogen. In normal skin, bacteria accumulated on the cornified layer, and were
rarely detected in deeper tissue layers (Figure 2.4A). However, in skin with ILKdeficient epidermis, S. aureus invaded into deeper skin layers, suggesting that the normal
skin barrier provided against pathogens is impaired in the absence of ILK (Figure 2.4A).
Indeed, the number of staphylococcal colonies recovered from the medium in the inner
chamber of the culture system, indicative of bacteria that had invaded all tissue layers,
was nearly 100-fold greater in the ILK-deficient skin (Figure 2.4B).
Keratinocytes secrete TNF-α and IL-1 in response to pathogens like S. aureus (28). I
measured TNF-α production in ILK-deficient and ILK-expressing skin as an indicator of
inflammatory responses associated with bacterial interaction with host tissues. I observed
a 2.5-fold increase in the TNF-α levels in response to S. aureus in ILK-deficient explants,
likely caused by the combination of increased bacterial penetration of this tissue, together
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with the increased number of immune cells previously detected in cell isolates from ILKdeficient epidermis (Figure 2.4C and Figure 2.2G). As a second, independent method to
evaluate the barrier properties of ILK-deficient epidermis, I used high molecular weight
(10,000) Alexa Fluor® 594-conjugated dextran as a tracer. In normal epidermis, tight
junctions in the upper granular layers form a water-tight barrier (30). To test this barrier
function in my experimental system, I placed dextran tracer on the surface of ILKexpressing or ILK-deficient skin that has been placed on Transwell, and cultured these
explants for 24 h. At the end of the culture period, the levels of tracer in samples of the
culture medium in the inner chamber were measured. Whereas Alexa Fluor® 594dextran-associated fluorescence was barely detectable in cultures from normal skin
explants, the fluorescence measured in medium from ILK-deficient explants was nearly
400-fold higher (Figure 2.4D). This observation is consistent with the notion that tight
junctions are not properly formed in ILK-deficient epidermis.

2.3.5

Impaired differentiation responses to extracellular Ca2+ in the
absence of ILK

To investigate the molecular mechanism(s) involved in that abnormal junction formation
and defective barrier function in the ILK-deficient epidermis, I next assessed the
differentiation response of cultured keratinocytes to increased extracellular Ca2+. Primary
cultured keratinocytes differentiate in response to increases in extracellular Ca2+ from
≅0.03 to >0.1 mM. Keratinocyte treatment with 1-2 mM Ca2+ results in the translocation
of E-cadherin, α-, β- and p120 catenin to cell borders, with formation of adherens
junctions (31). Therefore, I incubated ILK-expressing and ILK-deficient keratinocytes in
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Figure 2.4. Impaired barrier function in the absence of ILK.
(A) Following euthanasia, dorsal skin from 3-day-old K14Cre;Ilkf/+ or K14Cre;Ilkf/f mice
was harvested and placed (epidermis side up) on 24-mm tissue culture inserts (8-µm pore
size). The tissue edges were sealed with petroleum jelly and mineral oil, and the inserts
were placed in Transwell chambers containing EMEM supplemented with 2% FBS in the
lower chamber. A 10-µl aliquot of GFP-tagged S. aureus (1x108 CFU in PBS) was
placed on the epidermis, at the center of the skin and the explants were cultured for 6 h at
37°C. (B) Samples from the medium in the lower chamber from the specimen used in (A)
were collected and cultured to enumerate the number of bacterial colonies. (C) TNF-α
measurement of the specimen used in (A) by ELISA. Data are showing the results of
three

separate

explants

of

each

genotype

presented

with

average

+ SEM. The asterisk indicates P<0.05 (ANOVA). ND=Not Detectable. (D)
Quantification of dextran fluorescence incubated on top of the skin explants as described
in (A) for 24 h. Data are showing the results of three separate experiments presented with
average + SEM. The asterisk indicates P<0.05 (ANOVA). ND=Not Detectable.
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growth medium containing 1 mM Ca2+ to study the junction formation in these cells. In
undifferentiated keratinocytes cultured in medium with low Ca2+ concentrations, Ecadherin does not reportedly form adherens junctions, although it is expressed and
maintained in endocytic vesicles (32). In agreement with these reports, I observed Ecadherin immunoreactivity in the cytoplasm of these cells, but not associated with the cell
membrane (Figure 2.5A). Thirty-six hours after culture in medium containing 1 mM
Ca2+, I observed in ILK-expressing cells, the translocation of E-cadherin localized to cell
borders, consistent with the known formation of adherens junctions in differentiated
cultured keratinocytes (33) (Figure 2.5A). In stark contrast, E-cadherin mainly remained
in the cytosol in ILK-deficient cells, and in those areas that showed E-cadherin
immunoreactivity along the cell membrane, its pattern of localization was discontinuous
(Figure 2.5B). This finding suggests a defect in E-cadherin translocation to cell borders
in response to extracellular Ca2+ in the absence of ILK. Similarly, ZO-1
immunoreactivity, was largely confined to the cytoplasm in ILK-deficient cells, as
opposed to its clear distribution to cell borders in ILK-expressing keratinocytes (Figure
2.5A, B).
Keratinocytes responses to increase in extracellular Ca2+ are partially mediated through
Ca2+-sensing receptor (CaR). CaR is a G-coupled protein receptor expressed in
keratinocytes (34). During keratinocyte differentiation, CaR modulates Ca2+-stimulation
of phospholipase C, leading to the activation of the mitogen-activated protein kinase
(MAPK) pathway (31). The interaction between CaR and MAPK induces a Rho-GTPasedependent direct interaction between CaR and filamin A, an actin-binding protein (33).
To investigate whether loss of ILK results in abnormal distribution of CaR and/or RhoA
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in keratinocytes, ILK-expressing and ILK-deficient cells were cultured with 2 mM Ca2+
to induce differentiation. In normal cells, I observed translocation of CaR to the plasma
membrane of Ca2+-treated cells (Figure 2.5C). In contrast, CaR immunoreactivity was
observed in response to Ca2+ in the absence of ILK, and it did not change at specified
time points in the presence of 2 mM Ca2+ (Figure 2.5C). I observed similar results when
I stained RhoA (Figure 2.5D, E). Indeed, a continuous ribbon of RhoA was evident at
cell borders as early as 10 minutes after Ca2+ addition, and by 24 h in ILK-expressing but
not in ILK-deficeint cells (Figure 2.5D, E). The stimulation of keratinocytes with 1 mM
Ca2+ results in and triggers Ca2+ release from intracellular sources. Therefore, I next
measured changes in intracellular Ca2+ in response to increases in the extracellular
concentrations of this ion. The initial increase in intracellular Ca2+ is mediated by CaR
and maintenance of high cytosolic levels Ca2+ is necessary for complete differentiation
(31). I observed that ILK-expressing cells showed a rapid and robust increase in
intracellular Ca2+ about 1 min following Ca2+ stimulation (Figure 2.5F). This increase
was followed by a second increase of intracellular Ca2+ comparable in its maximum
intensity to the first peak, and is likely due to the release of Ca2+ from intracellular stores,
such as the endoplasmic reticulum and/or the Golgi apparatus. These high levels of
intracellular Ca2+ are maintained for at least 20 min in ILK-expressing cells (Figure
2.5F). In contrast, ILK-deficient keratinocytes fail to maintain high levels of intracellular
Ca2+ after the initial peak. Furthermore, a significant decrease is observed 20 min
following Ca2+ stimulation (Figure 2.5G). Because CaR regulates the activation of RhoA
(33), I next measured active, GTP-bound RhoA levels in these cells. In ILK-expressing
keratinocytes, GTP-
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Figure 2.5. Defective response to increased extracellular calcium in the absence of
ILK.
(A) Undifferentiated ILK-expressing and ILK-deficient keratinocytes were fixed and
stained for antibodies against E-cadherin and ZO-1. Bar, 20 µm. (B) Keratinocytes were
treated with 1 mM Ca2+ for 36 h, fixed and stained with antibodies against E-cadherin
and ZO-1. Bar, 20 µm. ILK-expressing and ILK-deficient keratinocytes were treated with
2 mM calcium for indicated time points. Cells were fixed and stained with antibodies
against CaR (C) E-cadherin and RhoA (D, E). Bar, 20 µm. (F) Keratinocytes were
cultured in glass-bottomed dishes. On the third day of culture, the cells were incubated in
serum- and growth additive-free medium for 1h, followed by incubation in medium
containing 3 µM Fura-2 for 30 min. Single cells from each genotype were recorded for 5
min to generate a baseline level of Ca2+ and then treated with 1 mM Ca2+ for at least 20
min. Fura-2 fluorescence was recorded as described in “Materials and Methods”.
Intracellular calcium concentration was recorded using dual wavelength method. (G)
Quantification of baseline Fura-2 fluorescence before the addition of 1 mM Ca2+ in a
small group of 4-6 cells from each genotype as well as the prolonged level of Ca2+
stimulation for 20 min in both groups. The data show the results of five independent
experiments, represent the average + SEM. The asterisk indicates P<0.05 (ANOVA). (H)
Quantification of GTP-bound (active) RhoA in ILK-expressing and IK-deficient
keratinocyte lysate stimulated with 2 mM calcium for indicated time points. Data were
normalized to values in ILK-expressing cells at T0 set to 1. Background reading was
substracted from all samples. Data is presented with average + SEM (n=6). The asterisk
indicates P<0.05 (ANOVA).
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bound RhoA levels increased about 2.3-fold after 5 min of Ca2+ stimulation (Figure
2.5H). The levels of active RhoA were higher in unstimulated ILK-deficient
keratinocytes, and they did not increase in response to Ca2+, but rather showed a small
decrease (Figure 2.5H). These results indicate that ILK is necessary for RhoA activation
in response to increased Ca2+, and its subsequent distribution to the cell borders.
Together, these observations indicate that CaR and RhoA do not translocate properly to
the cell borders in ILK-deficient keratinocytes, consequently pathways essential for the
maintenance of high intracellular Ca2+ are not properly activated. These alterations likely
lead to defective intercellular junction formation in ILK-deficient keratinocytes.

2.4

Discussion

To elucidate the role of ILK in skin structure and function, our laboratory generated a
mouse model with epidermis-restricted Ilk inactivation. These mutant mice exhibit
several defects, including abnormal/low skin pigmentation and impaired hair follicle
development (19, 21). ILK-deficient epidermis displays epidermal-dermal and intraepidermal blisters, which is suggestive of impaired cell-cell attachment in the absence of
ILK. My analysis of ILK-deficient epidermis and primary cultured keratinocytes revealed
that, in the absence of ILK, keratinocytes could not form normal intercellular junctions in
response to stimulation by Ca2+. Although junctional proteins, RhoA and CaR are
expressed in ILK-deficient keratinocytes, their movement to the cell membrane in
response to Ca2+ is attenuated. It has been shown that membrane localization of CaR and
RhoA are necessary to ensure terminal differentiation in keratinocytes (33). Significantly,
RhoA and CaR do not properly localize to the cell membrane in ILK-deficient
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keratinocytes treated with 2 mM Ca2+. Similar abnormalities were observed for Ecadherin and ZO-1 in these cells.
Ca2+ is an important regulator of keratinocyte differentiation, and contributes to the
development of a polarized distribution of junctional proteins upon differentiation (34). I
have shown that ILK-deficient keratinocytes are not able to maintain high intracellular
Ca2+, which is key in keratinocyte differentiation and junction formation in the epidermis
(33). Although after Ca2+ stimulation the first peak of increase in intracellular Ca2+ levels
occured in ILK-deficient keratinocytes, the second increase, which is likely due to the
Ca2+ release from intracellular reservoir, was substantially attenuated. ILK-deficient
keratinocytes were not capable of maintaining high intracellular Ca2+ levels and there was
a progressive decline in intracellular Ca2+ concentration after about 20 minutes of
stimulation. Sustained increase in intracellular Ca2+ levels is essential for keratinocyte
differentiation (31). It has been shown that, RhoA modulates the increase in intracellular
Ca2+ levels in the epidermis through downstream signaling pathways necessary for
keratinocytes differentiation (31). I have shown that the levels of RhoA-GTP are
increased in response to high extracellular Ca2+ concentrations in ILK-expressing
keratinocytes. In striking contrast, the levels of RhoA-GTP were decreased in ILKdefiicent keratinocytes after Ca2+ stimulation, suggestive of an important role for ILK in
RhoA activation. Abnormal response to Ca2+ contributes to defective junction formation
in ILK-deficient keratinocytes. Impaired cell-cell adhesion results in the formation of
blisters and loss of integrity in ILK-deficient epidermis.
The barrier function of the epidermis helps to prevent water and electrolyte loss, and it
also maintains the body temprature (30). One of the possible explanations for decreased
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thickness in dermis and hypodermis of ILK-deficient mice is their compensatory and
constant struggle to generate energy from other sources, such as adipose tissue, to
maintain their baseline metabolism. Impaired barrier function likely contributes to
dehydration, infections and mortality of these mice after 3 days of age (19). The crosstalk
between epidermis and underlying tissues of skin has been well established during
development and tissue regeneration (21). Another possibility that could explain the
decreased thickness in the dermis and hypodermis of mice with ILK-deficient epidermis
is a role for epidermal ILK expression in the signalling pathways involved in the
development of dermis and hypodermis. These are unanswered questions in our model
that can be a future line of reseach and can have a huge impact on our understanding of
skin homeaostasis.
Among the factors necessary to establish barrier function of the skin is polarity of
epidermal tissue, which regulates essential components of the barrier function, such as
the positioning of tight junctions (8). Basal keratinocytes lose their columnar shape in the
ILK-deficient epidermis, which suggests an impaired polarity in these cells. ILKdeficient basal keratinocytes also express E-cadherin in their basal aspects, which is
normally devoid of E-cadherin expression. The distribution pattern of β1 integrin and Factin also appear abnormal in ILK-deficient basal keratinocytes, further suggestive of
impaired polarity in these cells. Although there is not yet a reliable marker to assess
polarity in suprabasal layers, data suggest a polar distribution pattern of junctional
proteins in stratified epithelium (8).
aPKC has been suggested as one of the markers of polarity in the epidermis (7). My
results show a dense immunoreactivity against aPKC in apical aspects of basal
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keratinocytes and/or basal aspects of suprabasal keratinocytes. ILK-deficient epidermis
does not follow the same pattern of staining and aPKC does not seem to be expressed at
the apical aspect of basal keratinocytes. Abnormalities in the polarity of basal
keratinocytes partially explain the abnormal junction formation in suprabasal layers,
which contributes to impaired barrier function in the absence of ILK.
Previous studies have shown that ILK modulates microtubule stability, thus contributing
to the delivery of proteins involved in the establishment of cell polarity in
undifferentiated keratinocytes (35). ILK is also involved in the activation of Rac1 in
keratinocytes (10, 11), and the spatiotemporal activation of small GTPases as actinmodulating proteins regulate cellular polarity, as well as cell-cell and cell-ECM
interactions (36). Given that the activation of small GTPases modulates polarized protein
distribution (36), the observed decreased RhoA-GTP levels in ILK-deficient
keratinocytes may contribute to the defects in the delivery to the membrane of the
junctional proteins. Also, abnormal actin cytoskeleton and microtubule dynamics in ILKdeficient cells, suggests a role for ILK in regulation of vesicular trafficking, actin and
microtubule dynamics as well as endocytosis of ECM components, which would be an
interesting area for future research in this field.
As a consequence of exposure of cells in the inner epidermal layers to chemicals and/or
pathogens, keratinocytes appear to secrete pro-inflammatory cytokines. This environment
in the ILK-deficient epidermis is consistent with the observed increase in TGF-β
signalling and with the presence of immune cells in the epidermis. Impaired barrier
function also leads to increased allergen penetration and infiltration of immune cells into
the epidermis. The phenomenon of infiltrating immune cells has been studied in atopic
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dermatitis and other relevant clinical diseases manifested by impaired barrier function
(37, 38). In our model, ILK-defiicent epidermis is infiltrated by antigen-presenting cells,
further supporting the presence of leaky barrier in these mice.
The potential implications of my work may extend to the regulation of pathogen invasion
in the skin. This is of great importance because skin and soft tissue infections cause 710% of hospitalizations (38). Skin infections also accompany other clinical conditions
related to impaired Ca2+ signalling in keratinocytes, such as Hailey-Hailey disease or
Darrier’s disease, characterized by a defective barrier function, increased susceptibility to
skin infections and impaired actin reorganization (39). Although the differences between
mouse and human keratinocytes should be taken into considerations for further clinical
applications, my proposed mechanism (Figure 2.6) based on these findings is that ILK is
involved in the Ca2+ response pathway in keratinocytes. The results of my project have
the potential to open a new venue towards understanding the skin homeostasis.

83

73

Figure 2.6. Proposed model for the role of ILK in CaR signaling.
ILK is necessary for CaR-dependent RhoA activity in response to Ca2+. Activation of
RhoA leads to activation of Src family kinases. Src activates PLCγ through PI3K, which
catalyzes formation of inositol triphosphate (IP3) and diacylglycerol (DAG) from PIP2.
IP3 together with DAG-mediated stimulation of PKC activity initiate the intracellular
Ca2+ release from endocytic reticulum (ER) and Golgi apparatus. The ability of
keratinocytes to maintain high intracellular Ca2+ through this pathway is necessary for
normal differentiation.

84

PKC

85

2.5

References

1.

Menon, G. K., Grayson, S., and Elias, P. M. (1985) Ionic calcium reservoirs in
mammalian epidermis: ultrastructural localization by ion-capture cytochemistry. J
Invest Dermatol 84, 508-512

2.

Niessen, C. M. (2007) Tight junctions/adherens junctions: basic structure and
function. J Invest Dermatol 127, 2525-2532

3.

Green, K. J., and Gaudry, C. A. (2000) Are desmosomes more than tethers for
intermediate filaments? Nat Rev Mol Cell Biol 1, 208-216

4.

Aijaz, S., Balda, M. S., and Matter, K. (2006) Tight junctions: molecular
architecture and function. International review of cytology 248, 261-298

5.

Jinnestal, C. L., Belfrage, E., Back, O., Schmidtchen, A., and Sonesson, A. Skin
barrier impairment correlates with cutaneous Staphylococcus aureus colonization
and sensitization to skin-associated microbial antigens in adult patients with
atopic dermatitis. Int J Dermatol

6.

Kubo, A., Nagao, K., Yokouchi, M., Sasaki, H., and Amagai, M. (2009) External
antigen uptake by Langerhans cells with reorganization of epidermal tight
junction barriers. J Exp Med 206, 2937-2946

7.

Helfrich, I., Schmitz, A., Zigrino, P., Michels, C., Haase, I., le Bivic, A., Leitges,
M., and Niessen, C. M. (2007) Role of aPKC isoforms and their binding partners
Par3 and Par6 in epidermal barrier formation. J Invest Dermatol 127, 782-791

8.

Yoshida, K., Yokouchi, M., Nagao, K., Ishii, K., Amagai, M., and Kubo, A.
Functional tight junction barrier localizes in the second layer of the stratum
granulosum of human epidermis. J Dermatol Sci

9.

Dagnino, L. (2011) Integrin-linked kinase: a Scaffold protein unique among its
ilk. J Cell Commun Signal 5, 81-83

10.

Ho, E., and Dagnino, L. (2012) Epidermal growth factor induction of front-rear
polarity and migration in keratinocytes is mediated by integrin-linked kinase and
ELMO2. Mol Biol Cell 23, 492-502

11.

Sayedyahossein, S., Nini, L., Irvine, T. S., and Dagnino, L. (2012) Essential role
of integrin-linked kinase in regulation of phagocytosis in keratinocytes. FASEB
journal : official publication of the Federation of American Societies for
Experimental Biology 26, 4218-4229

12.

Nakrieko, K. A., Welch, I., Dupuis, H., Bryce, D., Pajak, A., St Arnaud, R.,
Dedhar, S., D'Souza, S. J., and Dagnino, L. (2008) Impaired hair follicle
morphogenesis and polarized keratinocyte movement upon conditional

86

inactivation of integrin-linked kinase in the epidermis. Mol Biol Cell 19, 14621473
13.

Dassule, H. R., Lewis, P., Bei, M., Maas, R., and McMahon, A. P. (2000) Sonic
hedgehog regulates growth and morphogenesis of the tooth. Development 127,
4775-4785

14.

Sayedyahossein, S., Nini, L., Irvine, T. S., and Dagnino, L. Essential role of
integrin-linked kinase in regulation of phagocytosis in keratinocytes. FASEB J 26,
4218-4229

15.

Nakrieko, K. A., Welch, I., Dupuis, H., Bryce, D. M., Pajak, A., St-Arnaud, R. S.,
Dedhar, S., D'Souza, S. J. A., and Dagnino, L. (2008) Impaired hair follicle
morphogenesis and polarized keratinocyte movement upon conditional
inactivation opf integrin-linked kinase in the epidermis. Mol Biol Cell 19, 14621473

16.

O'Meara, R. W., Michalski, J. P., Anderson, C., Bhanot, K., Rippstein, P., and
Kothary, R. (2013) Integrin-linked kinase regulates process extension in
oligodendrocytes via control of actin cytoskeletal dynamics. The Journal of
neuroscience : the official journal of the Society for Neuroscience 33, 9781-9793

17.

Diep, B. A., Gill, S. R., Chang, R. F., Phan, T. H., Chen, J. H., Davidson, M. G.,
Lin, F., Lin, J., Carleton, H. A., Mongodin, E. F., Sensabaugh, G. F., and
Perdreau-Remington, F. (2006) Complete genome sequence of USA300, an
epidemic clone of community-acquired meticillin-resistant Staphylococcus
aureus. Lancet 367, 731-739

18.

Dagnino, L., Ho, E., and Chang, W. Y. (2010) Expression and analysis of
exogenous proteins in epidermal cells. Methods Mol Biol 585, 93-105

19.

Nakrieko, K.-A., Welch, I., Dupuis, H., Bryce, D., Pajak, A., St. Arnaud, R.,
Dedhar, S., D'Souza, S. J. A., and Dagnino, L. (2008) Impaired Hair Follicle
Morphogenesis and Polarized Keratinocyte Movement upon Conditional
Inactivation of Integrin-linked Kinase in the Epidermis. Molecular Biology of the
Cell 19, 1462-1473

20.

Lorenz, K., Grashoff, C., Torka, R., Sakai, T., Langbein, L., Bloch, W.,
Aumailley, M., and Fassler, R. (2007) Integrin-linked kinase is required for
epidermal and hair follicle morphogenesis. J Cell Biol 177, 501-513

21.

Rudkouskaya, A., Welch, I., and Dagnino, L. (2014) ILK modulates epithelial
polarity and matrix formation in hair follicles. Mol Biol Cell 25, 620-632

22.

Gonzalez, A. M., Otey, C., Edlund, M., and Jones, J. C. (2001) Interactions of a
hemidesmosome component and actinin family members. J Cell Sci 114, 41974206

87

23.

Nakrieko, K. A., Rudkouskaya, A., Irvine, T. S., D'Souza, S. J., and Dagnino, L.
(2011) Targeted inactivation of integrin-linked kinase in hair follicle stem cells
reveals an important modulatory role in skin repair after injury. Mol Biol Cell 22,
2532-2540

24.

Jahoda, C. A., and Reynolds, A. J. (2001) Hair follicle dermal sheath cells:
unsung participants in wound healing. Lancet 358, 1445-1448

25.

Suzuki, A., Ishiyama, C., Hashiba, K., Shimizu, M., Ebnet, K., and Ohno, S.
(2002) aPKC kinase activity is required for the asymmetric differentiation of the
premature junctional complex during epithelial cell polarization. J Cell Sci 115,
3565-3573

26.

Mertens, A. E., Rygiel, T. P., Olivo, C., van der Kammen, R., and Collard, J. G.
(2005) The Rac activator Tiam1 controls tight junction biogenesis in
keratinocytes through binding to and activation of the Par polarity complex. J Cell
Biol 170, 1029-1037

27.

Green, K. J., Getsios, S., Troyanovsky, S., and Godsel, L. M. (2010) Intercellular
junction assembly, dynamics, and homeostasis. Cold Spring Harbor perspectives
in biology 2, a000125

28.

Ouchi, T., Kubo, A., Yokouchi, M., Adachi, T., Kobayashi, T., Kitashima, D. Y.,
Fujii, H., Clausen, B. E., Koyasu, S., Amagai, M., and Nagao, K. (2011)
Langerhans cell antigen capture through tight junctions confers preemptive
immunity in experimental staphylococcal scalded skin syndrome. J Exp Med 208,
2607-2613

29.

Amagai, M., and Stanley, J. R. (2012) Desmoglein as a target in skin disease and
beyond. J Invest Dermatol 132, 776-784

30.

Proksch, E., Brandner, J. M., and Jensen, J. M. (2008) The skin: an indispensable
barrier. Exp Dermatol 17, 1063-1072

31.

Bikle, D. D., Xie, Z., and Tu, C. L. (2012) Calcium regulation of keratinocyte
differentiation. Expert review of endocrinology & metabolism 7, 461-472

32.

Frasa, M. A., Maximiano, F. C., Smolarczyk, K., Francis, R. E., Betson, M. E.,
Lozano, E., Goldenring, J., Seabra, M. C., Rak, A., Ahmadian, M. R., and Braga,
V. M. (2010) Armus is a Rac1 effector that inactivates Rab7 and regulates Ecadherin degradation. Current biology : CB 20, 198-208

33.

Tu, C. L., Chang, W., and Bikle, D. D. (2011) The calcium-sensing receptordependent regulation of cell-cell adhesion and keratinocyte differentiation
requires Rho and filamin A. J Invest Dermatol 131, 1119-1128

88

34.

Bikle, D. D., Ratnam, A., Mauro, T., Harris, J., and Pillai, S. (1996) Changes in
calcium responsiveness and handling during keratinocyte differentiation. Potential
role of the calcium receptor. J Clin Invest 97, 1085-1093

35.

Akhtar, N., and Streuli, C. H. (2013) An integrin-ILK-microtubule network
orients cell polarity and lumen formation in glandular epithelium. Nat Cell Biol
15, 17-27

36.

Iden, S., and Collard, J. G. (2008) Crosstalk between small GTPases and polarity
proteins in cell polarization. Nat Rev Mol Cell Biol 9, 846-859

37.

Behne, M. J., and Jensen, J. M. (2012) Calcium in epidermis. Advances in
experimental medicine and biology 740, 945-953

38.

Van Damme, P. A., and Hartman, E. H. (2006) Rapidly progressive soft tissue
infections. The Lancet. Infectious diseases 6, 65; author reply 66-67

39.

Dhitavat, J., Fairclough, R. J., Hovnanian, A., and Burge, S. M. (2004) Calcium
pumps and keratinocytes: lessons from Darier's disease and Hailey-Hailey
disease. The British journal of dermatology 150, 821-828

89

Chapter 3

3

Staphylococcus aureus keratinocyte invasion is
mediated by Integrin-linked-kinase and Rac 1

3.1

Introduction

Epidermal keratinocytes are responsible for the barrier properties of the skin, and are key
contributors to the innate immune response to microorganisms. A common component of
the skin microbiota is Staphylococcus aureus (1). The interactions between S. aureus and
epidermal keratinocytes are important determinants for the transition of these bacteria
from common skin colonizers to invasive pathogens. Given that S. aureus is the major
causative agent of skin and soft tissue infections (2), understanding such interactions is of
critical biological and clinical importance.
S. aureus initially adheres to keratinocytes through various surface proteins that can
interact with pattern recognition receptors and/or with αβ1 integrins on the keratinocyte
plasma membrane (3). In response to this initial contact, keratinocytes produce proinflammatory cytokines, chemokines, and antimicrobial peptides, thus initiating early
innate immune responses (2). S. aureus adhesion to keratinocytes can also be followed by
internalization through incompletely understood mechanisms. In particular, virtually
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nothing is known about the signaling events that bridge bacterial interactions with β1
integrins and epidermal cell invasion.
Epidermal keratinocytes are non-professional phagocytes that can internalize large
particles (4). In these cells, phagocytosis requires the formation of membrane extensions,
through mechanisms that involve F-actin rearrangements, β1 integrins and integrin-linked
kinase (ILK) (5). ILK is a pseudokinase that functions as an important adaptor protein in
complexes associated with β1 integrins, and with other proteins essential for
phagocytosis, including ELMO2 and RhoG (6-8). In the epidermis, ILK is required for a
plethora of seemingly unrelated functions, including hair follicle development,
keratinocyte stem cell activation and migration to sites of injury, and maintenance of
epidermal integrity (9-11). At the cellular level, ILK plays key roles in F-actin dynamics,
the development of front-rear polarity, responses to integrin stimulation, cell adhesion
and directional migration in keratinocytes (12, 13). Given that the processes activated
during cell invasion by S. aureus similarly involve signaling through integrins and
changes in the actin cytoskeleton, I investigated the role of ILK in S. aureus invasion of
primary mouse keratinocytes, as well as in staphylococcal dissemination through the
skin. I also examined the signaling molecules and pathways involved in S. aureus
internalization downstream from ILK.
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3.2
3.2.1

Materials and methods
Mouse strains

The mouse strains used in this study have been described (9, 11, 14-17). All animal
experiments were approved by the University of Western Ontario Animal Use Care
Committee (Protocol No. 2007-005-02), in accordance with regulations and guidelines
from the Canadian Council on Animal Care. The mouse strains used in this study are
Ilktm1Star (hereafter termed Ilkf/f, (18)), B6;129-Itgb1tm1Efu/J (hereafter termed Intb1f/f,
Stock 004605, The Jackson Laboratory, Bar Harbor, Maine), Tg(KRT14-cre)1Amc/J
(hereafter termed K14Cre; Stock No. 004782, The Jackson Laboratory, Bar Harbor,
Maine), Rac1tm1Djk (hereafter termed Rac1f/f (15)), and Ilkf/f;mT/mG (16). The generation
and characterization of mice with epidermis-restricted inactivation of Ilk has been
described (9, 11, 17). To generate reporter mice to identify and purify ILK-deficient
epidermal keratinocytes, Ilkf/f;mT/mG mice were bred with K14Cre;Ilkf/f animals to
generate K14Cre;Ilkf/f; mT/mG or K14Cre;Ilkf/+; mT/mG mice (hereafter termed mT/mGILK-deficient, or mT/mG-expressing mice, respectively). The primer sequences used to
genotype mouse strains were: Cre forward: 5’-CCATCTGCCACCAGCCAG-3’, reverse:
5’-TCGCCATCTTCCAGCAGG-3’, Cpxm1 forward: 5’-TCGCCATCTTCCAGCAGG3’, Cpxm1 reverse: 5’-GATGTTGGGGCACTGCTCATTCACC-3’, Ilk forward: 5’CTGTTGCAATACAAGGCTGAC-3’,

Ilk

CTGGGAGAAGCTCTCTAAGGGG-3’,

Intb1

CGGCTCAAAGCAGAGTGTCAGTC-3’,
CCACAACTTTCCCAGTTAGCTCTC-3’.

Intb1

reverse:

5’-

forward:

5’-

reverse:

5’-

The amplicon sizes were: Cre, 281 bp;
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Cpxm1, 420 bp; Ilk floxed, 390 bp, Ilk wild type, 360 bp, Intb1 floxed, 280 bp, and Intb1
wild type, 160 bp. Multiplex polymerase chain reactions were prepared to amplify
simultaneously Cre and Cpxm1.

3.2.2

Reagents and antibodies

Human recombinant KGF (500-P19) was purchased from PeproTech (Rocky Hill, NJ,
USA). Cholera toxin (100) and insulin (16634) were from List Biological (Campbell,
CA, USA) and Invitrogen (Carlsbad, CA, USA), respectively. Polyethyleneimine (PEI),
25 kDa linear (23966) was from Polysciences (Warrington, PA). Chelex 100 resin was
purchased from Biorad (Mississauga, ON, Canada). All other reagents were purchased
from Sigma (St. Louis, MO, USA). The antibodies used were: Mouse anti-Keratin 14
from Neomarkers (LL002, Fremont, CA), phospho- and total ERK (9101 and 9102,
respectively, Cell Signalling, Beverly, MA), phospho- and total JNK (4668 and 4252,
respectively, Cell Signalling, Beverly, MA), Rac1 (610651) and ILK (6108) were from
BD Transduction Laboratories (San Jose, CA), glyceraldehyde 3-phosphodehydrogenase
(GAPDH; ADI CSA 335, Enzo Life Sciences, Brokville, ON, Canada), integrin β1
(MAB 1997, Millipore, Billerica, MA), Alexa Fluor®-conjugated phalloidin (A12381),
goat anti-mouse IgG and goat anti-rabbit IgG were purchased from Molecular
Probes/Invitrogen (Eugene, OR). Negative controls were performed using only secondary
and/or only primary antibodies.
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3.2.3

Plasmids and bacteria

The plasmids encoding GFP-labelled canine Rab 4, Rab 5, Rab 7 and Rab 11 have been
described (19). Vectors encoding mCherry-tagged Rab proteins were generated by PCR
amplification, using the GFP-labelled canine Rab-encoding vectors as templates, cloning
the amplicons into the mCherry-C1 plasmid (Clonetech, Palo Alto, CA), followed by
verification using dideoxy sequencing.
The prsA::gfp bacterial vector was engineered to induce GFP expression in S. aureus,
using the prsA promoter, which directs expression of a membrane lipoprotein required for
proper folding of secreted proteins (20), and is a component of the cell wall stress
stimulon in S. aureus (21). To this end, a 166-bp fragment of the prsA promoter was
amplified by PCR from S. aureus RN6390 genomic DNA (22), using, respectively, the
forward and reverse primers 5’-CCCGGATCCACCCCTAAACCTAATGCTC’3’ and 5’GGGAATTCAGCACTAGCTGTTACCGG-3’, with BamHI and EcoRI restriction sites
underlined. Following digestion with those enzymes, the amplicons were cloned
upstream from GFP-encoding sequences into the promoterless pCN56 vector, which
replicates both in E. coli and S. aureus (23). The resulting prsA::gfp plasmid was
propagated in E. coli DH5α, and verified by dideoxy sequencing. Using S. aureus
RN4220 (22) as an intermediate host, the prsA::gfp vector was electroporated into
USA300 FPR3757 (24) that had been cured of endogenous plasmids. This plasmid was
maintained in S. aureus USA 300 by culture in the presence of erythromycin (10 µg/ml).
Heat-killed Alexa Fluor® 594-labelled S. aureus (Wood strain, S23372) was purchased
from Invitrogen (Carlsbad, CA). The community acquired methicillin-resistant
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Staphylococcus aureus strain USA300-FPR3757 (24) was obtained from the Network on
Antimicrobial Resistance in Staphylococcus aureus (NARSA) repository. The strains
NE186 and NE728 from the Nebraska Transposon Mutant Library were also obtained
from the Network on Antimicrobial Resistance in Staphylococcus aureus repository, and
carry the bursa aurealis mariner-based, erythromycin-resistance expressing transposon
within the genes encoding fibronectin-binding protein A or B, respectively. Bacteria were
cultured at 37°C in tryptic soy broth (TSB, Difco, Detroit, MI) under shaking conditions
(200 rpm) or in TSB agar plates.

3.2.4

Cell culture, transfections and adenovirus transduction

Keratinocyte culture and transfection were conducted as previously described in Chapter
2 (25, 26). Primary mouse keratinocytes were isolated from 2-3-day-old mice and
cultured in keratinocyte growth medium as described (25, 26). Keratinocytes were seeded
onto cell culture plates or, alternatively, glass coverslips coated with rat tail collagen type
I (50 µg/ml, BD Biosciences, Bedford, MA), and were transiently transfected using
polyethyleneimine (26) or X-tremeGene9 (06365779001, Roche, Mississauga, Ontario,
Canada), using 1 µg DNA and 6 µl of transfection reagent per 2 cm2, and following the
manufacturer’s instructions.
To measure changes in MAPK phosphorylation in response to S. aureus, freshly isolated
K14Cre;Ilkf/+ and K14Cre;Ilk

f/f

keratinocytes were seeded at a density of 2.5 x 106

cells/20 cm2. Two days after plating, cells were rinsed with phosphate-buffered saline
(PBS), and cultured for 4 h in Ca2+-free Eagle’s minimum essential medium (EMEM)
supplemented with 25 µg/ml bovine serum albumin (BSA), followed by the addition of S.
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aureus (MOI 100).

To generate β1 integrin- or Rac1-deficient keratinocytes,

respectively, Intb1f/f or Rac1f/f cells were seeded and 48 h later were transduced with
control Ad-βGal or with Ad-Cre (MOI 50-75) with the efficiency of >90%. Ninety-six
hours (Intb1f/f) or 48 hours (Rac1f/f) after viral transduction, the cells were used for
gentamycin protection assays or immunoblot analysis. All experiments were conducted
3-5 times, and each experiment contained triplicate samples.

3.2.5

Fluorescence-activated cell sorting (FACS)

The skin of 2- or 3-day-old mT/mG-ILK-deficient or mT/mG-ILK-expressing mice was
harvested and treated with trypsin to obtain the epidermis and prepared for sorting as
described (26, 27), with minor modifications. Briefly, epidermal cells were suspended in
sterile PBS containing 1% BSA, 1 mM ethylenediaminetetraacetic acid (EDTA), and 25
mM HEPES, pH 7.0, sorted and collected in keratinocyte growth medium supplemented
with 50% chelex resin-treated fetal bovine serum (FBS). The cells were briefly
centrifuged, resuspended in growth medium and plated. Cells were sorted using a Becton
Dickinson FACSAria III cell sorter equipped with a 30 mW Coherent solid state 405 nm
violet laser, a 20 mW Coherent Sapphire solid state 488 nm blue laser, a 50mW Coherent
Compass solid-state diode-pumped 561 nm yellow-green laser, a 17 mW JDS Uniphase
Helium Neon 633 nm red laser, and FACSDiVa software (version 6.1.2). To sort and
purify epidermal cell populations, the blue laser trigon was configured to detect GFP
from detector B (530/30 bandpass and 502 longpass filter). The yellow-green laser
octagon was configured to detect mTomato from detector D (610/20 band pass and 600
long pass filter), and 7-aminoactinomycin D (7-AAD) from detector C (670/14 bandpass
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and 630 long pass filter). Cells were sorted at 4oC using a 100 µm nozzle at low pressure
(20 psi), at a maximum event rate of 6,000 events/sec. The following gating strategy was
used to isolate viable GFP- or mTomato- positive cells: Viable cells were first selected
based on 7-AAD exclusion. Forward scatter (FSC) and side scatter (SSC) voltages were
adjusted to clearly visualize the epidermal cells as indicated by the ‘Live cells’ gate.
Doublets were excluded based on consecutive gates on FSC-Height versus FSC-Width,
and SSC-Height versus SSC-Width plots. Finally, viable GFP-positive/mTomatonegative and GFP-negative/mTomato-positive cell populations were selected by
comparison with an unstained negative control composed of epidermal cells isolated from
K14Cre;Ilkf/+ mice.

3.2.6

Heat-killed bacterial phagocytosis assays

Keratinocytes were cultured at the confluency of 80% for 48 h. Cells were rinsed with
and incubated in Ca2+-free EMEM supplemented with BSA (25 µg/ml) for 4 h. The
medium was replaced with fresh EMEM containing BSA and heat-killed S. aureus (3 x
107 particles/ml; MOI 100), in the presence or absence of KGF (20 ng/ml). Incubation
proceeded at 37°C, and at timed intervals the cultures were extensively washed to remove
non-internalized bacteria, and processed for microscopy. The number of internalized
bacteria was determined from at least 50 cells/sample, and each experiment was
conducted in triplicate at least three times.
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3.2.7

Bacterial attachment assays

Keratinocytes cultured in 24-well plates were incubated at 37°C for 1 h in the presence or
absence of cytochalasin D (1.2 mM), and then placed on ice for 30 min. GFP-expressing
S. aureus was added (MOI 10), and incubation was allowed to proceed for 30 min. The
cells were extensively washed to remove unbound bacteria, and processed for
fluorescence microscopy.

3.2.8

Confocal and fluorescence microscopy

Cells were fixed in freshly diluted 4% paraformaldehyde, and processed for indirect
immunofluorescence or epifluorescence microscopy as described (28, 29). In experiments
using heat killed S. aureus, fluorescence from extracellular bacteria was quenched by
adding a solution containing 250 µg/ml trypan blue to the culture medium for 1 minute
prior to beginning processing for microscopy. For immunofluorescence microscopy
analysis of skin explants, 7-µm cryosections were fixed in 4% paraformaldehyde, and
incubated with primary antibodies, as described (11). Confocal analysis was conducted
with a Zeiss LSM 510 DUO scanning laser confocal microscope, using ZEN 2009 SP1
software (Zeiss, Germany). Fluorescence photomicrographs were obtained with a Leica
DMIRBE fluorescence microscope equipped with an Orca-ER digital camera
(Hamamatsu Photonics, Japan), using Volocity 6.1.1 software (Improvision, United
Kingdom).
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3.2.9

Immunoblot analysis

Primary keratinocytes were lysed using a modified RIPA buffer (50 mM Tris-HCl pH
7.4, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 1 mM phenylmethylsulfonyl
fluoride (PMSF), 10 mM Na3VO4, 1µg/ml NaF, 1 µg/ml aprotinin, 1 µg/ml pepstatin,
and 1 µg/ml leupeptin). Proteins in the lysates were resolved by denaturing
polyacrylamide gel electrophoresis, and transferred to nitrocellulose membranes, which
were probed with antibodies indicated in individual experiments. To normalize for
protein loading, the blots were also probed for GAPDH.

3.2.10

Measurement of secreted TNF-α

mT/mG-ILK-deficient or mT/mG-ILK-expressing keratinocytes were purified by
fluorescence activated cell sorting, and plated on 24-well culture dishes at a cell density
of 300,000 cells/well. Two days after plating, the cells were co-cultured with S. aureus as
described in the gentamycin protections assays. At timed intervals after bacterial
addition, 10-µl culture medium aliquots were prepared to measure TNF-α levels, using a
Mouse TNF-α ELISA Ready-SET-Go! Kits (88-7324-88, eBioscience, San Diego, CA),
following the manufacturer’s protocol. The TNF-α concentrations were normalized to
cell numbers in each culture well, determined by quantification of trypan-blue excluding
cells, using a haemocytometer.

3.2.11

Gentamicin protection/bacterial invasion assays

To prepare bacterial cultures for keratinocyte invasion assays, GFP-expressing S. aureus
USA300-FPR3757 was streaked from frozen glycerol stocks onto TSB agar plates
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containing erythromycin (10 µg/ml) and was cultured overnight. A single colony was
used as inoculum and cultured for 16 h in TSB containing erythromycin (10 µg/ml). The
bacteria were then subcultured to OD600 = 0.05 in TSB, and cultured for 3-4 h to OD600 =
1.0. Bacteria were then harvested by centrifugation (20,800 x g, 22°C, 1 min), washed
thrice with phosphate-buffered saline (PBS), and resuspended in PBS to yield a
suspension with 109 S. aureus/ml, which was used for experiments with keratinocytes at a
multiplicity of infection of 100, unless otherwise indicated.
Keratinocytes cultured in 24-well plates (300,000 cells/well) were rinsed with Ca2+-free
EMEM containing 25 µg/ml BSA. The cells were infected by culture in 0.5 ml EMEM
containing 25 µg/ml BSA and 3x107 CFU of S. aureus (MOI 100), and culture proceeded
at 37°C for intervals indicated in individual experiments. To evaluate the number of
intracellular bacteria, cells were rinsed with EMEM with 25 µg/ml BSA, and incubated
for 1 h in EMEM containing BSA and gentamicin (200 µg/ml). After three PBS washes,
intracellular bacteria were released by vigorous resuspension in 0.5% Triton X-100 (500
µl/well). Samples of bacteria-containing lysates were diluted in PBS (1-10-7 dilutions),
plated on TSB agar plates containing erythromycin (10 µg/ml), and cultured at 37°C for
20h, at which time the number of recovered colony forming units was determined. The
total number of bacteria associated with cells (i.e. bacteria attached, as well as
internalized) were quantified in separate samples by omitting the incubation in the
presence of gentamicin, and washing the cultures thrice with PBS, prior to lysis in 0.5%
Triton X-100 (500 µl/well).
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3.2.12

Ex vivo bacterial invasion assays

Following euthanasia, dorsal skins from 3-day-old K14Cre;Ilkf/+ or K14Cre;Ilkf/f mice
were gently stripped three times with ordinary adhesive tape (6200, HighlandMC, St. Paul,
MN), or left without stripping, and then harvested. The tissues were placed epidermis
side up on 24-mm tissue culture inserts (8-µm pore size, Cat. No. 3428, Transwell
Corning, NY), the tissue edges were sealed with a 1:1 vol/vol mixture of white petroleum
jelly and mineral oil, and the inserts were placed in Transwell chambers containing 1.5
ml of Ca2+-free EMEM supplemented with 2% FBS in the lower chamber. A 10-µl
aliquot of GFP-tagged S. aureus (1x108 CFU in PBS) was carefully placed on the
epidermis, at the center of the skin, and surrounded by the petroleoum jelly mix, to
prevent it from spreading. The explants were cultured for 6 h at 37°C. The tissues were
rinsed and embedded in optimal cutting temperature compound (Tissue-Tek 4583,
Sakamura Finetechnical Co., Tokyo, Japan) and frozen. Separately, aliquots of the culture
medium from the lower chamber were diluted to quantify the CFU present as described
above for bacterial invasion assays.

3.2.13

Data analysis

All experiments were conducted in duplicate or triplicate samples, 3-8 times. The data
were analyzed using ANOVA or Student’s t test, as described in individual experiments.
Significance was set at P<0.05.
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3.3
3.3.1

Results
Phagocytosis of heat-killed S. aureus by primary keratinocytes

To begin to explore the role of ILK in keratinocyte internalization of S. aureus, I
compared the ability of ILK-expressing (K14Cre;Ilkf/+) and ILK-deficient (K14Cre;Ilkf/f)
keratinocytes to internalize fluorescently labelled, heat-killed bacteria. The cells were
incubated with bacterial particles in serum- and additive-free medium for 4 h at 37°C,
and were extensively rinsed to remove all non-internalized bacteria associated with the
extracellular aspect of the cells. I then determined the number of internalized bacterial
particles by confocal microscopy. Under these conditions, I found that ILK-expressing
cells engulfed 3-fold more bacteria than ILK-deficient keratinocytes (Figure 3.1A, B). I
previously showed that the phagocytic capacity of keratinocytes is stimulated by
keratinocyte growth factor (KGF) (25). When I conducted phagocytosis assays of heatkilled bacteria in the presence of KGF (20 ng/ml), the number of phagocytosed heatkilled bacteria increased two-fold in ILK-expressing cells, whereas the impaired
phagocytic ability of ILK-deficient cells remained unaltered (Figure 3.1A, B).
To investigate the association of heat-killed S. aureus with Rab GTPases within
phagosomes, ILK-expressing keratinocytes were transiently transfected with vectors
encoding GFP-tagged Rab 4, Rab 5, Rab 7 or Rab 11. The cells were processed for
confocal microscopy at timed intervals after addition of bacterial particles, up to 4 h.
When I analyzed cells that were incubated with bacteria for 4 h, I found bacteria in Rab
5-positive early phagosomes, as well as in Rab 7-labelled late phagosomes, which are
associated with maturation towards lysosomal compartments (30) (Figure 3.1C). At all
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time points analyzed, I did not detect significant bacterial association with the recycling
endosomal markers Rab 11 or Rab 4 (Figure 3.1C and data not shown). Together, our
results suggest the presence of ILK-dependent processes for the uptake of heat killed S.
aureus, resulting in the formation of phagosomes that mature towards the potential
formation of lysosomes.

3.3.2

Invasion of mouse keratinocytes by live S. aureus

Cellular invasion by S. aureus requires specific interactions of bacterial proteins with the
target cell membrane, followed by internalization through poorly understood steps. Thus,
I next examined the invasion of epidermal keratinocytes by the pathogenic S. aureus
USA300 strain. I first assessed the capacity of bacterial internalization by the cells as a
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Figure 3.1. Phagocytosis of heat-killed S. aureus by keratinocytes.
(A) Representative micrographs showing the phagocytic uptake of heat-killed S. aureus.
Primary keratinocytes of the indicated genotypes were cultured in serum- and growth
additive-free medium for 4 h prior to the addition of fluorescently labelled S. aureus
(MOI 100). Culture continued in this medium for 4 h in the presence or absence of KGF
(20 ng/ml). The cells were incubated with trypan blue to quench fluorescence of
extracellular bacteria, and then were processed for confocal microscopy, using phalloidin
to visualize the actin cytoskeleton. Bar, 16 µm. (B) The number of heat-killed S. aureus
particles internalized in experiments similar to those shown in (A) was determined, and is
expressed as the average + SEM (n=3). The asterisk indicates P<0.05, relative to the
number of particles internalized by K14Cre;Ilkf/+ cells in the absence of KGF (ANOVA).
(C) K14Cre;Ilkf/+ keratinocytes were transiently transfected with vectors encoding the
indicated GFP-labelled Rab proteins. Forty-eight hours later, the cells were subjected to
phagocytosis assays with fluorescently labelled S. aureus, and visualized by confocal
microscopy, described in (A). Areas indicated in broken lines are shown underneath each
micrograph at higher magnification. Bar, 20 µm.
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function of incubation time, using gentamicin protection assays. In these studies, I
incubated keratinocytes with exponentially proliferating bacteria at a multiplicity of
infection (MOI) of 100 for various times, and added gentamicin to the culture medium 30
min prior to the preparation of cell lysates, to isolate internalized S. aureus. Gentamicin
does not penetrate eukaryotic cell membranes, thus killing exclusively extracellular
bacteria. The latter were then quantified by measuring colony-forming units (CFU) in cell
lysates. I observed that bacteria were readily internalized in a manner dependent on the
co-cultivation time. Specifically, the number of internalized bacteria increased from 180
CFU to 12,000 CFU per 3 x 105 cells after co-cultivation times of 30 min and 4 h,
respectively (Figure 3.2A). These differences do not reflect time-dependent changes in
the fraction of cells invaded by S. aureus, which had peaked at > 80% of the cells, by 10
min of co-cultivation (data not shown).
To address the possibility that the number of CFU recovered might partially reflect
intracellular bacterial replication during the culture time, I co-cultured S. aureus and
keratinocytes for 30 min, followed by incubation in the presence of gentamicin for up to
4 h. I observed that the number of internalized bacteria following 30 min of co-culture
averaged 170 CFU per 3 x 105 cells, irrespective of whether keratinocyte lysates were
prepared 1 h, 2 h or 4 h after the addition of gentamicin (Figure 3.2B). This is consistent
with the notion that internalized bacteria did not replicate to any appreciable extent
within the time frame of these experiments. I next investigated the effect of KGF receptor
stimulation on keratinocyte internalization of live S. aureus, given its positive modulation
of heat-killed S. aureus uptake in these cells. For these experiments, I co-cultured
bacteria and cells at an MOI of 10 for either 2h or 4h, in the presence or absence of KGF
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(20 ng/ml). Although I observed a 10-fold increase in the number of CFU recovered from
the 2-h to the 4-h co-cultivation interval, the presence of KGF was without effect on the
ability of live S. aureus to invade the cells (Figure 3.2C). Thus, the molecular
mechanisms that modulate keratinocyte phagocytosis of heat-killed bacteria appear to be
distinct from those implicated in internalization of live bacteria by these cells. To further
test this concept, I investigated if internalized live S. aureus followed a phagosomal
pathway similar to that described for heat-killed bacteria. For these experiments, I
transiently transfected keratinocytes with vectors encoding mCherry-tagged Rab proteins,
and 48 h later I co-cultured them with green fluorescent protein (GFP)-expressing S.
aureus. Following 5 min to 4 h of co-culture, I processed the cells for confocal
microscopy analysis. In stark contrast with heat-killed bacteria, I did not detect colocalization of live S. aureus with Rab 4 or Rab 5 at any time point analyzed (Figure
3.2D and data not shown). A few cells showed partial co-localization with Rab 7 or Rab
11 in a small fraction of vesicles after 4 h of co-culture with the bacteria (Figure 3.2D).
Thus, unlike the uptake of heat-killed bacterial particles, keratinocyte invasion by
pathogenic S. aureus is not modulated by KGF, and appears to follow different
endosome/phagosome maturation pathways from those involved in particle phagocytosis.

3.3.3

ILK-deficient cells are resistant to S. aureus invasion

Mice with keratinocyte-restricted Ilk inactivation develop substantial abnormalities,
including epidermal detachment at the dermal-epidermal junction, intra-epidermal edema
and inflammation (31). To assess the ability of S. aureus to invade ILK-deficient
keratinocytes without contributions from any inflammatory or immune cells that might be
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Figure 3.2. Invasion of keratinocytes by S. aureus.
(A) K14Cre;Ilkf/+ keratinocytes (300, 000 cells/sample) were co-cultured with live S.
aureus USA 300 (MOI 100) in gentamycin protection assays. During co-culture of
keratinocytes and bacteria, gentamicin was added 30 min prior to cell lysis. At the
indicated times of co-culture, cells were lysed in 500 µl/sample of lysis buffer, as
indicated in Materials and Methods. (B) Keratinocytes and S. aureus were co-cultured as
described in (A), but in the presence of gentamicin for the indicated intervals prior to cell
lysis. (C) K14Cre;Ilkf/+ keratinocytes were subjected to gentamycin protection assays, as
in (A), but using an MOI of 10, in the presence or absence of KGF (20 ng/ml). All
histograms show the number of CFU obtained from keratinocyte lysates, and are
expressed as the average + SEM per ml cell lysate. Asterisks indicates P<0.05 (n=3,
ANOVA). (D) K14Cre;Ilkf/+ keratinocytes were transiently transfected with vectors
encoding the indicated mCherry-labelled Rab proteins. Forty-eight hours later, the cells
were subjected to phagocytosis assays with GFP-expressing live S. aureus, and processed
for confocal microscopy. Arrowheads indicate areas shown at higher magnification in the
insets. Bar, 16 µm.
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present in mutant skin, we developed a strategy to specifically isolate keratinocytes with
Cre recombinase-induced inactivation of the Ilk gene. For these experiments, I used Ilkf/f
mice bred into a Rosa 26-mT/mG reporter background (16, 32). I further bred these mice
with K14Cre; Ilkf/+animals, to generate mT/mG-ILK-expressing (K14Cre;Ilkf/+;mT/mG)
or mT/mG-ILK-deficient (K14Cre;Ilkf/f;mT/mG) mice. In these animals, expression of
Cre recombinase under the control of the keratin-14 promoter results in excision of
mTomato-encoding sequences, with the simultaneous induction of GFP expression. This
system specifically allows the identification of Cre-expressing keratinocytes through the
presence of GFP and the absence of mTomato fluorescence. I isolated epidermal cells
from these mice, and used fluorescence-activated cell sorting (FACS) to purify viable
populations of GFP-expressing keratinocytes from those non-targeted mTomato-positive
cells, which constituted, respectively, about 90% and 10% of the cell isolates (Figure
3.3A). I cultured the GFP-positive keratinocytes for two days, and then used them to
measure S. aureus invasion, using gentamicin protection assays. I observed a substantial
resistance to infection of the mT/mG-ILK-deficient keratinocytes, which gave rise to only
about 25%-30% of S. aureus colonies, relative to mT/mG-ILK-expressing cells (Figure
3.3B).
To begin to understand the mechanisms involved in the impaired S. aureus invasion of
ILK-deficient keratinocytes, I first investigated if bacterial adherence to the cell surface is
altered in these cells. Bacterial invasion requires an intact actin cytoskeleton (33). I,
therefore, reasoned that incubation of keratinocytes in the presence of low concentrations
of cytochalasin D would allow bacterial interaction with the outer aspect of the cell
membrane, in the absence of internalization. Using ILK-expressing cells, I found that the
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Figure 3.3. Impaired invasion of ILK-deficient keratinocytes by S. aureus.
(A) Epidermal keratinocytes of the indicated genotypes were isolated and FACS purified
as described in “Materials and Methods”, to yield targeted, GFP-positive, mTomatonegative, 7-AAD-negative viable cells, with a purity of > 99%. (B) The cells purified in
(A) were co-cultured for 4 h with live S. aureus (MOI 100) and subjected to gentamycin
protection assays. The results are expressed as the average plus SEM of CFU recovered
from ILK-deficient keratinocytes, relative to those from ILK-expressing cells, set to
100%. (C) K14Cre;Ilkf/+ keratinocytes were cultured in in the presence or absence of
cytochalasin D (2.5 µM) for 1 h prior to co-culture with S. aureus (MOI 10) followed by
gentamycin protection assays. The results are expressed as the average CFU number,
relative to CFU in vehicle-treated cells, which is set to 100%. (D, E) Keratinocytes with
the indicated genotype were cultured in the presence or absence of cytochalasin D (1.2
mM) for 1 h, incubated on ice for 30 min, and co-cultured with S. aureus (MOI 10) for 30
min on ice. The cells were processed for fluorescence microscopy, and the number of
bacteria attached to the cell surface was determined. The results are expressed as the
average number of attached bacteria, relative to those in ILK-expressing cells, which is
set to 100%. In the micrographs, phalloidin and Hoescht 33342 were used to visualize,
respectively, F-actin and DNA. Bar, 10 µm. In all histograms, the asterisk indicates
P<0.05 (n=4, Student’s t test).
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number of CFU obtained in gentamycin protection assays from keratinocytes pre-treated
with cytochalasin D (2.5 µM) was ten-fold lower than that in vehicle-treated cells
(Figure 3.3C). I next incubated S. aureus with ILK-expressing or ILK-deficient cells that
had been pretreated with cytochalasin D for 30 min, and quantified the number of
extracellular bacteria associated with the cells. The number of bacteria associated with
the outer aspect of ILK-deficient keratinocytes was 70%-80% of that observed in ILKexpressing cells (Figure 3.3D, E). The magnitude of this decrease does not fully appear
to account for the much greater reduction in bacterial invasion observed in ILK-deficient
cells, suggesting that ILK modulates the ability of S. aureus to both adhere to and invade
epidermal keratinocytes. The activation of human keratinocytes in response to bacterial
stimuli is also mediated in part by signaling through mitogen activated protein kinases
(MAPK), such as ERK and JNK (35). Thus, I also investigated if these two kinases
become activated in response to S. aureus in mouse keratinocytes in an ILK-dependent
manner. I was able to detect increases in the levels of active, phosphorylated ERK and
JNK as early as 20 and 45 min, respectively, of initiating co-culture of S. aureus and
ILK-expressing keratinocytes (Figure 3.4B). Similar patterns of activation of these two
kinases were observed in ILK-deficient cells, indicating not only that activation of
MAPK signaling cascades is not dependent on ILK, but also that the abnormalities in S.
aureus internalization in the absence of ILK do not arise from altered ERK or JNK
activation.

3.3.4

Role of Rac1 in S. aureus invasion of keratinocytes

Given that, in keratinocytes, Rac1 acts downstream from ILK during phagocytosis and in
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response to various stimuli (5, 12), I next examined the role of this GTPase in S. aureus
invasion. I began by exogenously expressing a constitutively active Rac1 G12V mutant
in ILK-expressing cells, and found that this protein increased by 3-fold the number of
internalized bacteria (Figure 3.5A). Conversely, inactivation of the Rac1 gene following
transduction of keratinocytes containing floxed Rac1 alleles (Rac1f/f) with Cre-encoding
adenoviruses (Ad-Cre) significantly reduced the number of internalized S. aureus by
about 50%, relative to Rac1-expressing cells (Figure 3.5B). Together, these observations
implicate Rac1 in staphylococcal invasion of keratinocytes.
I next examined the link between Rac1 and ILK during S. aureus invasion. I reasoned
that, if Rac1 functions downstream from ILK in this process, expression of Rac1 G12V
should restore the susceptibility of these cells to invasion by S. aureus. Because
K14Cre;Ilkf/f keratinocytes exhibit poor transfection efficiency, I used Ilkf/f cells, which
contain floxed Ilk alleles that can be inactivated by Cre expression.
For these experiments, I initially transduced the cells with a control adenovirus encoding
β-galactosidase (Ad-βGal) or with Ad-Cre. Twenty-four hours after transduction, I
transfected the cells with vectors encoding GFP, Rac1 G12V, or human ILK. Forty-eight
hours later, the cells were co-cultured with S. aureus in gentamycin protection assays. I
observed that exogenous expression of human ILK induced small changes on S. aureus
invasion in non-transduced or Ad-βGal-transduced keratinocytes, whereas it restored the
number of internalized bacteria to normal levels in ILK-deficient cells (Figure 3.5C).
Significantly, the presence of Rac1 G12V increased the number of internalized S. aureus
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Figure 3.4. TNF-α secretion and MAPK activation in ILK-deficient keratinocytes
co-cultured with S. aureus.
(A) Epidermal keratinocytes of the indicated genotypes were purified by FACS, and cocultured with S. aureus. At the indicated times after bacterial addition, samples of the
growth medium were processed to measure levels of secreted TNF-α. The results are
shown as the average + SEM. Asterisks indicate P<0.05, relative to TNF-α in ILKexpressing cells at t=0 (n=3; ANOVA). ND, not detectable. (B) Keratinocytes were cocultured with S. aureus (MOI 100) and at the indicated times after bacterial addition, cell
lysates were prepared. A representative immunoblot is shown, probed with antibodies
against the indicated proteins. GAPDH was used to normalize for protein loading. These
experiments were repeated three times, using three different cell isolates.
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between 4- and 18-fold in both ILK-expressing and ILK-deficient keratinocytes (Figure
3.5C). These results are consistent with the notion that active Rac1 functions downstream
from ILK in the pathways utilized by S. aureus during invasion.

3.3.5

Involvement of β1 integrin in S. aureus internalization

The interaction of extracellular matrix substrates with β1 integrin triggers a variety of
responses mediated by ILK and Rac1 (12). To investigate whether this integrin is
necessary for bacterial invasion in mouse cells, I co-cultured S. aureus with keratinocytes
from mice containing floxed Intb1 alleles, previously transduced with Ad-βGal or AdCre. Whereas the number of internalized bacteria in Ad-βGal-treated cells was
indistinguishable from that in non-transduced keratinocytes, the loss of β1 integrin was
accompanied by a 5-fold reduction (Figure 3.6A). S. aureus can interact with cellular
integrins through various proteins, including the fibronectin-binding proteins FnBP-A
and FnBP-B. However, I observed that the internalization of S. aureus strains incapable
of expressing FnBP-A or FnBP-B was indistinguishable from that of normal bacteria
(Figure 3.6B). These results suggest the presence of multiple and/or redundant
mechanisms in S. aureus that, directly or indirectly, interact with β1 integrins and
contribute to S. aureus invasion of keratinocytes, in agreement with previous studies
using human keratinocytes (36).

3.3.6

Invasion of ILK-deficient epidermis by S. aureus

Having established the importance of ILK in bacterial invasion of keratinocytes in
culture, I next sought to examine if the absence of ILK also altered interactions with S.
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Figure 3.5. Role of Rac1 in keratinocyte invasion by S. aureus.
(A) Keratinocytes were transiently transfected with vectors encoding the indicated
proteins, and 48 h later were co-cultured with S. aureus (MOI 100) for 4 h, and subjected
to gentamycin protection assays. The number of CFU recovered from keratinocyte lysates
is expressed as the average + SEM, relative to CFU in control cells exogenously
expressing GFP, which is set to 100%. The asterisk indicates P<0.05 relative to control
(n=3, ANOVA). (B) Rac1f/f keratinocytes were transduced with the indicated adenovirus,
and 48 h later were co-cultured with S. aureus (MOI 100) for 4 h, and subjected to
gentamycin protection assays, or processed for immunoblot analysis. The number of CFU
recovered from keratinocyte lysates is expressed as the average + SEM, relative to CFU
in control, untransduced cells, set to 100%. (C) Ilkf/f keratinocytes were transduced with
the indicated adenovirus. Twenty-four hours later, the cells were transiently transfected
with vectors encoding GFP, Rac1 G12V (denoted as Rac1*), or human ILK. Forty-eight
hours after transfection, cells were co-cultured with S. aureus (MOI 100) for 4 h, and
subjected to gentamycin protection assays, or processed for immunoblot analysis. The
number of CFU recovered from keratinocyte lysates is expressed as the average + SEM,
relative to CFU in control, untransduced, GFP-expressing cells, set to 100%. The
asterisks indicate P<0.05 relative to control samples (n=3, ANOVA).
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Figure 3.6. Modulation of S. aureus invasion by β1 integrins and ILK in cultured
keratinocytes.
(A) Intb1f/f keratinocytes were transduced with the indicated adenovirus, and 96 h later
were co-cultured with S. aureus (MOI 100) for 4 h, and subjected to gentamycin
protection assays, or processed for immunoblot analysis. The number of CFU recovered
from keratinocyte lysates is expressed as the average + SEM, relative to CFU in control,
untransduced cells, set to 100%. The asterisks indicate P<0.05 relative to control samples
(n=3, ANOVA). (B) Keratinocytes were co-cultured with wild type or the indicated
mutant S. aureus USA300 strains (MOI 100) for 4 h, and subjected to gentamycin
protection assays. The number of CFU recovered from keratinocyte lysates is expressed
as the average + SEM, relative to CFU in cells incubated with wild type bacteria, set to
100%.
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aureus in the context of whole skin. Because the epidermis-restricted inactivation of the
Ilk gene results in perinatal lethality (10), I developed a model using ex vivo skin explants
isolated from 3-day-old mice. In these experiments, dorsal skins were placed epidermisside-up on 8-µm pore inserts and a 10-µl aliquot of GFP-tagged S. aureus containing
1x108 CFU was applied epicutaneously. These tissues were cultured for 6 h in Transwell
chambers, containing growth medium only in the lower chamber. I first analyzed the
medium in the lower chamber to investigate if bacteria had traversed the skin. Whereas
we only found about 2 x 104 CFU arising from the medium underneath ILK-expressing
tissues, the number of colonies obtained in medium from ILK-deficient explants was
about 40 X 104, indicating that S. aureus was able to penetrate the skin containing ILKdeficient epidermis about 20-fold more efficiently (Figure 3.7). Consistent with this
concept, examination of explant sections showed accumulation of GFP-positive bacteria
at the surface of ILK-expressing epidermis, with no detection of GFP-tagged particles
through the epidermis or underlying dermis (Figure 3.7). In contrast, I observed GFP
fluorescence in both the suprabasal and the basal layer of the ILK-deficient epidermis, in
and around the few hair follicle pegs and deep into the dermis (Figure 3.7). These data
suggest that loss of ILK in the epidermis compromises its barrier functions, allowing
penetration of the skin by S. aureus.

3.4

Discussion

Although it is clear that proteins expressed by S. aureus allow bacterial interaction with
and invasion of epithelial cells, the exact molecular pathways exploited by these
organisms are not fully understood. My study now identifies a nexus between β1
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Figure 3.7. Ex-vivo invasion of ILK-deficient epidermis by S. aureus.
Skin explants with the indicated genotypes were placed epidermis side up on inserts. A
10-µl aliquot containing 1 x 108 GFP-expressing S. aureus was added to the centre; the
tissues were placed in a Transwell™ chamber containing growth medium, and cultured
for 6 h. Skin explants were processed for immunofluorescence microscopy.
Representative micrographs are shown, and the areas indicated by an arrow are included
at higher magnification on the right panels. Dashed lines represent the surface of the
epidermis just above the corneocytes; K14, keratin 14. Bar, 32 µm. The histogram
represents the average + SEM of CFU recovered from the culture medium in the lower
chamber. The asterisk indicates P<0.05 (n=8, Student’s t test).
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integrins, ILK and Rac1, required for S. aureus internalization in keratinocytes. The
invasion of non-professional phagocytic cells by bacterial pathogens involves interaction
with cell surface proteins and subversion of actin cytoskeletal dynamics. In particular, S.
aureus secretes a variety of proteins that bind to host cell integrins, triggering the
formation of actin-rich membrane protrusions that aid in bacterial engulfment (33). My
observations show that the requirement for integrins, their effectors and actin cytoskeletal
remodelling during bacterial invasion of keratinocytes is also maintained vis-à-vis the
engulfment of various non-infectious particles, including synthetic microspheres (5) and
heat-killed S. aureus. However, there are also important differences in the uptake
mechanisms implicated, as evidenced by the selective KGF-induced enhancement in the
uptake of heat-killed S. aureus, but not of live bacteria.
The inactivation of the Ilk gene in keratinocytes has a small, but significant effect on the
attachment of live S. aureus to the cell surface. This defect may be independent of the
alterations in the actin cytoskeleton consequent to ILK loss, because disruption of F-actin
with cytochalasin D has negligible effects on bacterial attachment in K14Cre;Ilkf/+
keratinocytes and other cell types (37). However, decreased bacterial attachment in ILKdeficient cells may be associated with abnormalities in the reported reduced abundance in
surface β1 integrins in ILK-deficient keratinocyte subpopulations (38), which is
significant given that studies using genetic inactivation of Intb1 clearly establish a major
role for β1 integrin in S. aureus keratinocyte invasion.
In contrast to its key role during bacterial internalization, ILK is dispensable for the
activation of other pathways triggered by bacterial interactions with the cell. Specifically,
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in epidermal keratinocytes and macrophages, stimulation of the Toll-like receptor TLR 2
by synthetic lipopeptides induces production of pro-inflammatory chemokines (39, 40),
whereas TLR2 activation by synthetic ligands induces MAPK activation in corneal
epithelial cells (35). My studies now show a previously unreported effect of live S.
aureus on primary epidermal keratinocytes, which involved rapid activation of ERK and
JNK. The activation of ERK and JNK in response to S. aureus co-culture occurred in
ILK-expressing and ILK-deficient cells, although with slightly accelerated kinetics in the
latter cell type. These differences contrast with the similar time course of ERK activation
observed following stimulation by KGF in ILK-expressing and ILK-deficient cells (5).
The impact of the slightly faster ERK and JNK activation on the biological responses of
ILK-deficient keratinocytes to S. aureus remains to be determined.
In macrophages, TLR2 activation also results in NF-κB nuclear translocation and
production of TNF-α in a MAPK-independent manner (41). My studies further
demonstrate that this pathway is also present in epidermal keratinocytes in response to
interactions with live S. aureus, although whether these responses are mediated by other
receptors in keratinocytes, in addition to TLR2, remains to be established.
The contribution to S. aureus invasion of different integrin-interacting proteins appears to
differ in various cell types. For example, whereas focal adhesion kinase is essential for S.
aureus invasion of fibroblasts, vinculin is dispensable (42, 43). My data now establish
that ILK is an indispensable component for staphylococcal internalization in epidermal
keratinocytes, and that it does not appreciably mediate at least a subset of TLR-2mediated innate immunity responses to microbial pathogens.
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The role of Rho GTPase family members in the responses of non-immune cells to
pathogenic microorganisms is poorly understood. In immune cells, the involvement of
Rac family members in bacterial phagocytosis has been frequently inferred from studies
employing expression of dominant negative Rac1 mutant proteins. However, an
important caveat of these approaches is the possibility that dominant-negative proteins
can titrate out upstream regulators involved in modulating more than one small GTPase
(44). Using conditional deletion of Rac1, I have established a specific and key role for
this protein in S. aureus invasion of keratinocytes. Further, the increase in viable S.
aureus colonies isolated in gentamycin protection assays from ILK-deficient
keratinocytes exogenously expressing the constitutively active Rac1 G12V mutant places
Rac1 as a central downstream component in the ILK pathway that permits bacterial
invasion of epithelial cells. Rac1 is also involved in a wide variety of phagocytic
processes in non-immune cells, including epidermal cells, retinal pigmented epithelial
cells and neurons (24). In keratinocytes, phagocytic uptake of particles, such as
melanosomes, synthetic microspheres, and heat-killed bacteria requires Rac1 activation,
and is modulated by receptors such as the KGF and the protease activated-2 receptors (5,
24). In this process, phagocytosed particles traffic through various phagosomes
characterized by the presence of Rab 4, 5 or 7. In contrast, live S. aureus appears to
follow different pathways once it has invaded keratinocytes. Significantly, a key step
both for bacterial invasion and particle engulfment is the ability of cells to extend
protrusions. My data suggest that F-actin cytoskeletal arrangements triggered by Rac1
activation at sites of engulfment or invasion are a common event in the internalization of
heat-killed and live bacteria. It would appear that the signalling pathways that ultimately
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lead to Rac1 activation at internalization sites involve β1 integrins and ILK. However,
important differences appear to exist, probably due to different ways in which heat-killed
and live bacteria interact with keratinocytes. In non-epidermal cells, live S. aureus
stimulates TLR 2 to induce pro-inflammatory responses, as well as Rac1 activation (45).
Whether this pathway of Rac1 stimulation is also active in epidermal keratinocytes
remains to be determined.
An effective host defense against microbial skin infections depends on the physical
integrity of the cutaneous barrier, and requires the coordinate activation of multiple
responses. They include the production of antimicrobial peptides and local
immunological events, such as the synthesis of pro-inflammatory cytokines. In particular,
epidermal keratinocytes are the first line of defense against staphylococcal infections
(46). Although S. aureus had generally been considered to be an extracellular pathogen,
increasing lines of evidence indicate that it can also invade keratinocytes and other host
cell types. Indeed, viable S. aureus can persist within keratinocytes for extended periods
of time (46, 47). The precise role of cellular invasion in colonization and infection is not
fully understood, although important differences between primary cells and established
cell lines have been noted (46). My studies show that primary mouse keratinocytes are
able to interact with S. aureus via FnBP-dependent and –independent mechanisms,
similar to primary epidermal human keratinocytes (46). The internalization of these
pathogens appears to play a role in spreading to various organs, through the ability of
bacteria to traverse cellular barriers. Intracellular bacterial pools can also promote
pathogen persistence in the organism through evasion of immune surveillance (46, 47).
Thus, modulation of the β1 integrin-ILK-Rac1 pathway might provide potential
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therapeutic avenues to avoid staphylococcal internalization and intracellular bacterial
permanence.
Although healthy skin is a formidable barrier against microorganisms, disruption on this
barrier promotes skin colonization, which, in turn, may facilitate skin penetration and
subsequent invasion of many tissues and organs (48). Indeed, the skin from individuals
with atopic dermatitis exhibits abnormal barrier functions and is extremely susceptible to
colonization and infection by S. aureus (49). Similarly, individuals with genetic blistering
diseases frequently present with chronic wounds that become colonized by this pathogen
(48). At the cellular level, and with regards to staphylococcal invasion, my data using
cultured keratinocyte models show that targeting ILK might potentially be expected to
help reduce cellular uptake and persistence of bacteria within the host cell. Paradoxically,
I observed that, in the absence of ILK, these bacteria more readily traversed the skin.
S. aureus invasion of the skin requires several events. First, bacteria must breach the
corneocyte layer. Our studies show that in ILK-expressing epidermis, this layer offers
protection. However, the barrier properties of corneocytes derived from ILK-deficient
keratinocytes would appear to be diminished, as evidenced by the ability of S. aureus to
penetrate inner cell layers in skin explants in which the corneocyte layer was not
disrupted by tape-stripping. The granular layers of the epidermis, just underneath the
corneocytes, function as a second barrier against paracellular movements of chemicals,
macromolecules, and pathogens. This is achieved through the assembly of tight junctions
(50). ILK-deficient epidermis exhibits decreased mechanical strength, blister formation
due to detachment at the dermal-epidermal junction, as well as abnormalities in the actin
cytoskeleton, which alter the formation of cell-cell junctions in cultured keratinocytes (5,
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9, 10, 13). ILK-deficient epidermis in skin explants also allows penetration of fluorescent
tracers (S. Sayedyahossein and L. Dagnino, unpublished information), suggesting the
presence of defects in tight-junctions. Consequently, at least a fraction of S. aureus may
reach deeper cutaneous cell layers through paracellular movements. S. aureus also
secretes virulence factors, such as α-toxin, which disrupts cell membranes, and causes
host cell lysis, facilitating bacterial transit through tissues (50). The relative contributions
of each of these mechanisms to invasion of ILK-deficient epidermis, and whether ILKdeficient keratinocytes also have defects in the production and/or secretion of
antimicrobial peptides that interfere with pathogen invasion will be important areas for
future research.
It has been estimated that up to 35% of the human population is colonized by S. aureus,
which is equivalent to about two billion individuals worldwide (51). Further, infection by
this pathogen is the principal cause of hospital-associated infections (51). Therefore, it is
crucial to develop a better understanding of the factors that modulate S. aureus
interactions with host cells. My study demonstrates that ILK and Rac1 play key roles in
the protective function of the epidermis against staphylococcal infections at multiple
levels. In future, modulation of one or more of the elements in this pathway may prove
useful in the development of therapies for the prevention or treatment of S. aureus
infections. In summary, our work shows that ILK plays a pivotal role in mediating S.
aureus invasion of the skin. I have also identified a β1 integrin-ILK-Rac1 pathway, which
is critically involved in bacterial invasion of keratinocytes. In addition, I have established
that ILK is essential, at the tissue level, to maintain the epidermal barrier function
necessary to prevent invasive cutaneous infection by Staphylococci.
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Chapter 4
4

Essential Role of Integrin-Linked Kinase in
Regulation of Phagocytosis in Keratinocytes

4.1

Introduction

Phagocytosis is the engulfment of large particles through formation of vesicles termed
phagosomes. Adaptive and innate immunity defense reactions against microorganisms, as
well as clearance of apoptotic bodies during tissue remodelling, occur by phagocytosis
(1). Appreciated as a critical element in host defense mechanisms against microbial
pathogens, phagocytosis has been extensively studied in macrophages and other immune
cells (1). In these systems, phagocytosis is initiated upon particle recognition by specific
receptors. Stimulation of these different receptors leads to internalization via distinct
signaling pathways, which include the activation of Rho GTPases (1, 2). The latter, in
turn, leads to actin cytoskeleton remodeling, necessary for phagocytic cup formation.
Non-professional phagocytes, including epithelial and endothelial cells, also exhibit the
ability to internalize large particles, such as apoptotic bodies and red blood cells (3).
However, very little is known about the mechanisms activated for phagocytic particle
uptake in non-immune cells. In keratinocytes, phagocytosis has evolved as a specialized
function that plays fundamental roles in maintenance of DNA integrity upon
environmental UV exposure and, hence, in epidermal homeostasis (4).

Upon UV
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irradiation, cutaneous melanocytes increase production of melanosomes, which are
transferred to neighbouring keratinocytes and internalized through activation of various
receptors, including PAR-2 and KGFR (5-7). Unlike phagocytosed particles in
macrophages, melanosome-containing phagosomes are not immediately directed to
lysosomes for degradation. Rather, they move through microtubule networks to form
peri- and supranuclear radial arrays especially abundant in the undifferentiated, basal
keratinocyte layer, shielding the DNA from UV radiation-induced damage (8). The
molecular events linking UV radiation with KGFR or PAR-2 activation and melanosome
traffic towards the nucleus are still poorly understood.
Integrin-linked kinase is a major modulator of actin cytoskeletal dynamics and migration
in keratinocytes and other cell types (9-12). ILK is necessary for normal development of
epidermal appendages, such as the hair follicle (11, 13), for the movement of hair follicle
stem cell progeny into epidermal wounds during skin regeneration (14),

and for

development in keratinocytes of front-rear polarity and directional migration in response
to EGF (9). In some circumstances, ILK is also required for normal activation of small
Rho GTPases, including the activation of Rac1 induced by chemokines in macrophages
(15) or by differentiation signals in mammary epithelium (16). In primary cultured
keratinocytes, ILK is necessary for Rac1 activation following stimulation by EGF or
scrape-wounding (9, 11). Significantly, epidermis-restricted inactivation of the Ilk gene
gives rise to abnormal or severely reduced cutaneous pigmentation in mice with a
C57BL/6 strain background (11, 13). These abnormalities, together with the established
role of ILK in F-actin remodeling and formation of cell protrusions, prompted me to
investigate whether ILK plays a role in keratinocyte phagocytosis. I now show that
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phagocytosis is severely impaired in epidermal cells following inactivation of the Ilk or
the Rac1 gene, and in response to KGFR or PAR-2 stimulation. Thus, distinct
extracellular signals converge on ILK to direct Rac1 activation and formation of
phagocytic cups, necessary for particle engulfment in keratinocytes.

4.2
4.2.1

Materials and methods
Mouse strains

The mouse strains used were: CD-1, Ilktm1Star, with engineered loxP sites downstream
from exons 4 and 12 of the Ilk gene (hereafter termed Ilkf/f; (17)), Tg(KRT14-cre)1Amc/J
(hereafter termed K14Cre; Stock No. 004782, The Jackson Laboratory, Bar Harbor,
Maine) (18); B6;129-Itgb1tm1Efu/J (Jackson Laboratory stock No. 004605, Bar Harbor
ME, hereafter termed Itgb1f/f), with loxP sites introduced flanking exon 3 of the Itgb1
gene (19)); and Rac1tm1.1Djk, with loxP sites flanking exon 1 of the Rac1 gene (hereafter
termed Rac1f/f; (20)). Ilkf/f mice were bred with K14Cre mice to produce animals
hemizygous for the KRT14-cre allele, and either homozygous or heterozygous for the
floxed Ilk allele (hereafter termed, respectively, K14Cre; Ilkf/f or K14Cre; Ilkf/+). Mice
were genotyped as previously described (11). Similarly, Rac1f/f and K14Cre mice were
bred to produce animals hemizygous for the KRT14-cre allele, and either homozygous or
heterozygous for the floxed Rac1 allele (hereafter termed, respectively, K14Cre;Rac1f/f or
K14Cre;Rac1f/+). All protocols for mouse experimentation were approved by the
University of Western Ontario Animal Use Care Committee (Approved Protocol No.
2007-005, 2011), in accordance with regulations and guidelines from the Canadian
Council on Animal Care.
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4.2.2

Cell culture, transfections and adenoviral infections

Primary epidermal keratinocytes were isolated from 3-day-old mice and cultured as
described (10, 21). Growth medium consisted of Ca2+-free EMEM supplemented with
8% FBS and growth additives (5ng/ml EGF, 74 ng/ml hydrocortisone, 5 µg/ml insulin,
9.5 ng/ml cholera toxin, 6.7 ng/ml triiodothyronine). For transfections, cells were
cultured in 24-well dishes, and transfected, using 1 µg DNA mixed with 6 µl of Fugene6
(Roche, Mississauga, Ontario, Canada) per well, and following the manufacturer’s
instructions. Where indicated, cells were sequentially transfected at 24-h intervals, and
cultured 48 h after the second transfection prior to phagocytosis assays. I noted that
transfection using other agents, including polyethyleneimine (21), reduced the phagocytic
capacity of the primary keratinocytes. Adenovirus infections were conducted at a MOI of
75, as described (22). Under these conditions,

99% of the cells were infected, as

confirmed by immunofluorescence microscopy, with no detectable reduction in cell
viability.

4.2.3

Plasmids and adenoviruses

The vector encoding V5- and mCherry-tagged ILK has been described (10). Plasmids
encoding mCherry (mCherry-C1) and GFP-tagged Cre recombinase were obtained,
respectively, from Clontech (Mountain View, CA, USA) and Addgene (Cambridge, MA,
USA). The recombinant adenovirus encoding GFP and Cre recombinase (Ad-Cre) was
from Vector Biolabs (Philadelphia, PA, USA, Cat. No. 1700), and the adenovirus
encoding GFP and β-gal (Ad-βgal) has been described (22). GFP-tagged vectors
encoding wild type or mutant Rac1 proteins were gifts from T. S. Jou.

139

4.2.4

Antibodies and reagents

Antibodies and their sources are as follows: ILK (mouse monoclonal, 611803,
Transduction Laboratories, Lexington, KY, USA), GAPDH (CSA-335, Enzo Life
Sciences, Farmingdale, NY, USA), phospho ERK1/2 (9101, Cell Signaling, Beverly,
MA, USA), total ERK1/2 (9102, Cell Signaling, Beverly, MA, USA), Rac1 (610651,
Transduction Laboratories, Lexington, KY, USA). Horseradish peroxidase-conjugated
goat anti-mouse and goat anti-rabbit IgG were from Jackson ImmunoResearch
Laboratories (West Grove, PA, USA). Alexa Fluor®-conjugated goat anti-mouse IgG
and Alexa Fluor® 594-conjugated dextran (MW 10,000, D22913) were purchased from
Molecular Probes/Invitrogen (Eugene, OR, USA). Human recombinant KGF (500-P19)
was from PeproTech (Rocky Hill, NJ, USA). The peptides SLIGRL (PAR-3664-PI) and
LSIGRL (PAR-3913-PI) were purchased from Pepnet (Louisville, KY, USA). 0.5-µm
diameter latex microspheres were purchased from Sigma (St. Louis, MO, USA; Cat.
LO653) and from Bangs Laboratories, Inc. (Fishers, IN, USA, Cat. No. FS03F). Cholera
toxin and insulin were from List Biological (Campbell, CA, USA) and Invitrogen
(Carlsbad, CA, USA), respectively. All other reagents were from Sigma (St. Louis, MO,
USA).

4.2.5

Phagocytosis and macropinocytosis assays

Keratinocytes were cultured in 24-well dishes, on laminin 332 matrix-coated glass
coverslips (10). Prior to phagocytosis assays, the cells were incubated at 37°C in serumand additive-free EMEM, supplemented with BSA (25 µg/ml) for 4 h, at which time
phagocytosis was stimulated by addition of SLIGRL (40 µM, final) or KGF (20 ng/ml,
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final), together with latex microspheres (36 x 107 microspheres/ml). The cells were
incubated at 37°C. At timed intervals indicated in individual experiments, cultures were
extensively washed with ice-cold PBS to remove non-internalized microspheres, and
processed for confocal or fluorescence microscopy. At least 100 cells from random
microscopic fields were assessed in each sample, and the number of microspheres/cell
was determined. Treatments were conducted on triplicate samples, and experiments were
repeated at least three times. Statistical significance was set to P<0.05 (ANOVA). For
experiments assessing the role of the actin cytoskeleton, cells were pre-incubated with
cytochalasin D (2.5 µM) for 1 h prior to addition of KGF. Phagocytosis experiments were
then conducted as above, but in the continued presence of cytochalasin D (2.5 µM). To
measure macropinocytosis, cells were incubated in the presence of KGF (20 ng/ml, final),
fluorescent microspheres (36 x 107/ml), and Alexa Fluor® 594-conjugated dextran
(10,000 MW; 0.2 mg/ml, final) for 4 h. The cells were then processed for fluorescence
microscopy as above.

4.2.6

Measurement of Rac1 activity

Levels of Rac1-GTP were measured using a luminescence-based GLISA Rac1 Activation
Assay Biochem Kit (BK126; Cytoskeleton, Denver, CO, USA). For these assays,
keratinocytes plated in 35-mm culture dishes were infected with Ad-Cre or Ad-βgal for 5
h in serum- and additive-free EMEM. The cells were cultured for 3 days in growth
medium, followed by 16 h in serum- and growth additive-free EMEM containing 25
µg/ml BSA. Keratinocytes were stimulated by addition of KGF to the culture medium
(20 ng/ml, final), and cell lysates were prepared at timed intervals, following the
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protocols provided by the G-LISA kit manufacturer. Protein concentrations in the lysates
were adjusted to 0.5 µg/ml, and Rac1-GTP levels were measured in samples containing 1
µg protein. Luminescence (440nm) was measured with a Safire2 Microplate Detection
System. Luminescence units in each sample were expressed after subtraction of the
background units measured in protein-free lysis buffer. Treatments were conducted on
duplicate samples and experiments were repeated at least three times.

Statistical

significance was set to P<0.05 (ANOVA).

4.2.7

Confocal and fluorescence microscopy, and immunoblot
analysis

Following phagocytosis assays, cells were fixed in freshly diluted 4% PFA and processed
for microscopy as described (10, 23). The actin cytoskeleton was visualized by staining
with

phalloidin

conjugated

with

Alexa

Fluor™

488

or

594.

Fluorescence

photomicrographs were obtained with a Leica DMIRBE fluorescence microscope
equipped with an Orca-ER digital camera (Hamamatsu Photonics, Japan), using Volocity
4.3.2 software (Improvision, United Kingdom). Confocal analysis was conducted with a
Zeiss LSM 510 DUO scanning laser confocal microscope, using ZEN 2009 SP1 software
(Zeiss, Germany). Results shown are representative of at least three experiments using
triplicate samples. Protein lysates were prepared and analyzed by immunoblot, as
previously described (10, 24).

4.2.8

Transmission Electron microscopy

Keratinocytes were cultured on laminin 332 matrix-coated 13-mm Thermanox™ plastic
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coverslips (174969, Nunc, Rochester NY, USA), and subjected to phagocytosis assays as
described above. At timed intervals after addition of microspheres to the culture medium,
the cells were washed thrice with ice-cold PBS to remove non-internalized microspheres,
and were fixed with 2.5% glutaraldehyde dissolved in 0.1 M cacodylate buffer (0.2 M
sodium cacodylate pH 7.0-7.4) for 1 h at 22°C, followed by 16 h at 4°C. The samples
were treated with 1% osmium tetroxide dissolved in 0.1 M cacodylate buffer and stained
with uranyl acetate for 1 h at 22°C, followed by dehydration in ethanol and embedding in
Epon 812 (14120, Electron Microscopy Sciences, Hartfield, PA, USA). Thin sections
(80-90 nm thick) were post-stained with uranyl acetate and lead citrate, and examined
with a Phillips CM10 transmission electron microscope.

4.3
4.3.1

Results
Phagocytosis in primary mouse keratinocytes

Melanosome phagocytosis in primary human keratinocytes or keratinocyte cell lines is
stimulated by activation of the PAR-2 and KGF receptors, which can also occur as a
consequence of UV irradiation (6, 7, 25). However, whether responses to these stimuli
are conserved in primary mouse epidermal cells has not been determined. I first examined
the ability of primary keratinocytes to engulf 0.5-µm latex microspheres, previously
demonstrated to be an appropriate model for melanosome uptake in epidermal
keratinocytes (5, 7), in response to KGF. For these experiments, cells were incubated
with fluorescently labeled microspheres in serum- and growth additive-free medium
supplemented with KGF (20 ng/ml) for 4 h. I obtained confocal images of these cultures,
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and determined the presence of latex microspheres surrounding the cell nucleus (Figure
4.1A), similar to the distribution of melanosomes internalized by human keratinocytes (5,
7). Importantly, under the conditions that were used to process the cells for microscopy, I
did not detect microspheres bound to the extracellular aspect of the plasma membrane,
indicating that our experimental system is appropriate to accurately measure particle
engulfment.
I next assessed quantitatively the phagocytic capacity of undifferentiated primary
cultured mouse keratinocytes in response to KGF (20 ng/ml) or SLIGRL (40 µM).
Phagocytic capacity was assessed by determining the average number of internalized
microspheres per cell, as well as the percentage of cells that had taken up the
microspheres (hereafter termed “phagocytic fraction”) determined at timed intervals
following addition of the particles. Under these experimental conditions, the number of
internalized microspheres increased in a time-dependent fashion, first evident by 1-2 h.
By 24 h, internalized microspheres became too abundant and concentrated in perinuclear
clusters, which precluded accurate quantification (data not shown). Thus, I evaluated
phagocytosis 4 h after the addition of microspheres.
Treatment of cells with KGF increased the phagocytic fraction 2-fold, and almost
doubled the phagocytic capacity of those cells that internalized particles (Figure 4.1B).
Similarly, stimulation of the PAR-2 receptor with the synthetic peptide SLIGRL, but not
with inactive LSIGRL, increased the number of internalized microspheres per cell and
had a significant, but more modest enhancing effect on phagocytic fraction (Figure 4.1B
and data not shown). Because KGF was the stronger stimulus for phagocytosis, I focused
the majority of subsequent experiments on this growth factor.
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Uptake of some particles and large volumes of liquid occurs through macropinocytosis.
Both phagocytosis and macropinocytosis require actin cytoskeletal rearrangements, and
generation of cell extensions to form a cup. Significantly, both modes of uptake can be
induced by growth factors (2, 26). To investigate whether microsphere uptake by
keratinocytes involves macropinocytic processes, I incubated these cells in medium
containing 0.5-µm latex microspheres, together with fluorescently-labelled dextran (MW
10,000), which has been used to assess macropinocytosis in keratinocyte cell lines (27).
Keratinocyte stimulation with KGF induced uptake of dextran-containing extracellular
medium, visualized as intracellular vesicles throughout the cytoplasm 4 h after KGF
stimulation (Figure 4.1C). However, dextran-containing vesicles showed very little, if
any, co-localization with internalized microspheres, indicating that macropinocytosis-like
processes play a minor role, if any, in particle uptake in these cells.
I next examined the role of actin polymerization on microsphere phagocytosis. To this
end, I incubated cells in the presence or absence of cytochalasin D and/or KGF, and
assessed particle uptake after 4 h. Interference with actin assembly resulted in significant
decreases in both the number of internalized microspheres/cell and phagocytic fraction in
the absence of KGF (Figure 4.1D).
Further, cytochalasin D abrogated the stimulatory activity of KGF on phagocytosis
(Figure 4.1D), indicating that actin cytoskeletal rearrangements are necessary for this
process.
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Figure 4.1. Induction of phagocytosis in keratinocytes by KGFR and PAR-2
stimulation.
(A) Primary undifferentiated ILK-expressing mouse keratinocytes were cultured in
serum- and growth additive-free medium for 4 h prior to the addition of KGF (20 ng/ml
and fluorescent microspheres (36 x 107 microspheres/ml, 0.5 µm diameter). The cells
were cultured for 4 h at 37°C and processed for confocal microscopy. The actin
cytoskeleton was visualized with Alexa Fluor™594-conjugated phalloidin. Confocal
images were acquired at the Z positions indicated. The orthogonal view of the cells is
shown in the lower micrograph of this panel. (B) Primary undifferentiated ILKexpressing mouse keratinocytes were cultured in serum- and growth additive-free
medium for 4 h prior to the addition of KGF (20 ng/ml), SLIGRL (40 µM) or control
peptide LSIGRL (40 µM) and fluorescent microspheres (36 x 107 microspheres/ml, 0.5
µm diameter). The cells were cultured for 4 h at 37°C and processed for confocal
microscopy. The actin cytoskeleton was visualized with Alexa Fluor™594-conjugated
phalloidin. The number of internalized microspheres/cell and percentage of cells that
internalized particles (“Phagocytic fraction”) were assessed, and are shown as the average
+ SEM (n=5). The asterisks indicate P<0.05, relative to vehicle-treated cells (ANOVA).
Bar, 40 µm. (C) Primary keratinocytes were cultured, stimulated with KGF (20 ng/ml)
and processed for microscopy as in (B), but in incubation medium also containing Alexa
Fluor®594-conjugated dextran (MW 10,000). The actin cytoskeleton was visualized with
Alexa Fluor®488-labelled phalloidin, and dashed lines outline two cells. Bar, 50 µm. (D)
Primary keratinocytes were cultured in the presence of cytochalasin D (2.5 µM) for 1 h
prior to the addition of KGF and fluorescent microspheres. The cells were cultured for 4
h and processed as in (B). Fixed cells were treated with Alexa Fluor®594-labelled
phalloidin, to visualize the actin cytoskeleton. The number of internalized
microspheres/cell and fraction cells that internalized microspheres (expressed as %) were
assessed, and are shown as the average + SEM (n=3). Unless otherwise indicated, the
asterisks represent P<0.05, relative to KGF- and cytochalasin D-free cultures (ANOVA).
Bar, 40 µm.
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4.3.2

ILK is an essential downstream mediator of keratinocyte
phagocytosis

Cutaneous pigmentation is partially determined by melanin biosynthesis in melanocytes,
in conjunction with the extent of melanosome uptake by keratinocytes (28). The latter, in
turn, depends on the phagocytic capacity of these cells. In adult mice, melanocytes and
melanoblasts are associated with the hair follicles. However, in embryos and newborn
animals, melanocytes are also present in interfollicular epidermis (29). Of note, 3-5 dayold mice with keratinocyte-restricted inactivation of the Ilk gene (K14Cre; Ilkf/f mice
(14)) exhibit hypopigmented epidermis, in spite of the fact that transcripts that encode
rate-limiting melanogenic enzymes are present in ILK-deficient skin (L Dagnino,
unpublished). These observations prompted me to contrast the phagocytic capacity of
ILK-expressing and ILK-deficient cultured keratinocytes. We have previously shown a
virtual absence of ILK in K14Cre; Ilkf/f keratinocytes (14). I observed that the average
number of internalized microspheres/cell and the phagocytic fraction of ILK-deficient
K14Cre; Ilkf/f cells were substantially reduced relative to those in ILK-expressing
K14Cre; Ilkf/+ keratinocytes (Figure 4.2A, B). Further, the stimulatory effects of KGF
and SLIGRL on phagocytic capacity were lost in the absence of ILK (Figure 4.2A, B).
To further demonstrate that the observed impairment in these cells was due to the lack of
ILK expression, I conducted experiments in which I induced exogenous expression of
human ILK. K14Cre; Ilkf/f keratinocytes show extremely low transfection efficiency.
Expression of exogenous genes in these cells can be induced with adenoviral vectors.
However, we noted that adenovirus infection of either wild type or mutant keratinocytes
reduced their phagocytic capacity (data not shown). Thus, I isolated cells from Ilkf/f mice,
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which express ILK and can be efficiently transfected. I transiently transfected these cells
with plasmids encoding GFP as a control, or a GFP-Cre fusion protein, to induce excision
of the floxed Ilk alleles. Twenty-four hours later, I conducted a second transfection with
vectors encoding either mCherry or mCherry-tagged human ILK, and I measured the
phagocytic capacity of transfected cells (identified by GFP- and mCherry-associated
fluorescence). This time course was selected based on our previous observations that Cremediated excision of Ilk in these cells results in a >90% decrease in ILK protein levels 72
h following treatment with a Cre-encoding vector (9, 10). Transfected cultures were
incubated with fluorescent microspheres in the presence of KGF for 4 h, and their ability
to internalize particles was assessed. Similar to previous experiments, the average
number of microspheres/cell under these conditions was 26.6 + 5.4 and 29.6 + 4.4,
respectively, in untransfected cells and in cells expressing exogenous GFP. Further,
expression of either mCherry or mCherry-tagged ILK did not result in any significant
changes in phagocytosis in these cells (Figure 4.2C).
In contrast, the average number of microspheres/cell in ILK-deficient keratinocytes
expressing GFP-tagged Cre decreased by about 50%. The decreased phagocytic capacity
was not altered by mCherry expression, but was restored in the presence of exogenous
human ILK (Figure 4.2C). Thus, ILK is essential for normal phagocytosis in
keratinocytes.

4.3.3

ILK is necessary for KGF-induced formation of probing
filopodia

Formation of cell extensions is a key early step for particle uptake. Indeed, cells use
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Figure 4.2. Phagocytosis in ILK-deficient cells.
(A) Primary epidermal keratinocytes isolated from mice with the indicated genotypes
were cultured in serum- and growth additive-free medium for 4 h prior to the addition of
KGF (20 ng/ml) and fluorescent microspheres (6 x 107 microspheres/ml, 0.5 µm
diameter). The cells were cultured for 4 h at 37°C and processed for fluorescence
microscopy. The actin cytoskeleton was visualized with Alexa Fluor®594-conjugated
phalloidin. Bar, 100 µm. (B) The number of internalized microspheres/cell and
percentage of cells that internalized particles (“Phagocytic fraction”) in the experiments
described in (A) were assessed, and are shown as the average + SEM (n=5). Unless
otherwise indicated, the asterisks represent P<0.05, relative to vehicle-treated
K14Cre;Ilkf/+ cells (ANOVA). (C) Ilkf/f keratinocytes were transfected with plasmids
encoding GFP or GFP-tagged Cre (“1st transfection”), and 24 h later were transfected a
second time with vectors encoding either mCherry or mCherry-tagged ILK, as indicated.
Forty-eight hours after the second transfection, the cells were cultured in serum- and
growth additive-free medium for 4 h prior to the addition of KGF (20 ng/ml) and
fluorescent microspheres (6 x 107 microspheres/ml, 0.5 µm diameter). The cells were
cultured for 4 h at 37°C and processed for fluorescence microscopy. The number of
microspheres/cell was determined in cells exhibiting both GFP- and mCherry-associated
fluorescence, and are shown as the average + SEM (n=3). The asterisks indicate P<0.05,
relative to cells that did not receive any DNA in either of the two transfections
(ANOVA).
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actin-rich filopodia to probe their environment, through which they reach and bind to
potential phagocytic targets (30). To begin to explore the mechanisms involved in the
reduced phagocytic capacity of ILK-deficient keratinocytes, I investigated if KGF
stimulation is accompanied by formation of cell protrusions in normal cells. To this end, I
conducted ultrastructural analyses of keratinocytes at timed intervals following addition
of KGF to the culture medium. I observed the formation of numerous finger-like
projections throughout the cell membrane as early as 15 min after KGF stimulation. The
generation of these projections continued for 30 min after KGF addition, but by 4 h their
relative density along the cell perimeter had decreased (Figure 4.3A).
I next visualized the interactions between cell protrusions and microspheres upon cell
stimulation with KGF. I observed that, at very early stages (15 min), keratinocyte
engagement with the particles occurred through association with fine filopodia and
membrane ruffles (Figure 4.3B), reminiscent of the manner in which membrane
protrusions capture particles in other phagocytic cell types (30). Thirty minutes to 4 h
later, the cells had internalized the microspheres, which were found surrounded by the
phagosomal membrane in areas adjacent to the plasmalemma or distributed around the
nucleus (Figure 4.3B and data not shown). In stark contrast, KGF stimulation of ILKdeficient keratinocytes gave rise to very few, if any, filopodial projections, in spite of the
apparent tight association of the particles with the external aspect of the plasma
membrane. The majority of the microspheres remained in contact with the outer side of
the plasma membrane as late as 4 h after KGF stimulation, without evidence of
substantial uptake (Figure 4.3B). Thus, the absence of ILK precludes formation of cell
protrusions and subsequent particle uptake in response to KGF.
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4.3.4

Role of ILK in KGF receptor signaling

The impaired formation of cell extensions in K14Cre;Ilkf/f cells incubated with KGF,
together with the positive modulatory role of ILK in signaling events activated by
receptor tyrosine kinases (9), prompted me to investigate if KGF receptor signaling is
altered in the absence of ILK. I measured changes in the levels of active ERK in response
to KGF, as this growth factor induces rapid and transient ERK phosphorylation in
keratinocytes (31). For these experiments, we used Ilkf/f keratinocytes infected with AdCre or control Ad-βgal, as this system allowed me to more efficiently generate sufficient
material from ILK-deficient cells for biochemical analyses. I infected the cells with the
above recombinant adenoviruses, and 35 h later I incubated them in serum- and growth
additive-free medium for 16 h, and then KGF was added to the culture medium. Within
this time frame, ILK levels decrease in Ad-Cre treated cells by > 90%, but the cells
remain viable (9-11). The abundance of phospho-ERK in cell lysates was determined at
timed intervals after KGF addition. In uninfected cells or in those infected with Ad-βgal,
phospho-ERK levels increased 3-10 min after KGF stimulation, followed by a decrease
by 20 min. Similar kinetics of ERK phosphorylation were apparent in ILK-deficient
keratinocytes (Figure 4.3C). These observations are consistent with the notion that loss
of ILK does not likely impair KGF receptor activation, given that at least a subset of
early events triggered by KGF receptor stimulation are present in ILK-deficient cells.
The formation of cell protrusions during phagocytosis involves remodeling of the actin
cytoskeleton via formation of active Rac1-GTP (32). Thus, I next investigated if KGF
receptor stimulation results in Rac1 activation. Ilkf/f keratinocytes were incubated in
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Figure 4.3. Induction of pseudopods and ERK1/2 phosphorylation by KGF.
(A) K14Cre;Ilkf/+ keratinocytes were cultured in serum- and growth additive-free
medium for 4 h prior to the addition of KGF (20 ng/ml). The cells were cultured at 37°C
for the times indicated, and processed for transmission electron microscopy. The area in
the dashed box is shown in the inset at higher magnification. Bar, 2 µm. (B)
Keratinocytes of the indicated genotype were cultured in serum- and growth additive-free
medium for 4 h prior to the addition of KGF (20 ng/ml) and microspheres (6 x 107
microspheres/ml, 0.5 µm diameter). The cells were cultured at 37°C for the times
indicated, and processed for transmission electron microscopy. Bar, 500 nm. (C) Ilkf/f
keratinocytes were infected with adenoviruses encoding β-galactosidase (Ad-βgal) or Cre
recombinase (Ad-Cre). Fourty-eight hours after infection, the cells were cultured in
serum- and growth additive-free medium for 16 h prior to the addition of KGF (20
ng/ml). At the indicated intervals following KGF stimulation, cell lysates were prepared
and analyzed by immunoblot with antibodies against phosphorylated (pERK1/2), total
ERK1/2, or ILK, as indicated. A representative experiment is shown. The abundance of
pERK1/2, normalized to total ERK1/2 levels, was evaluated by densitometric analysis of
three analogous experiments, and the data are presented as average + SD.
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serum- and growth additive-free medium for 16 h, stimulated with KGF, and levels of
Rac1-GTP were measured at timed intervals thereafter. Under these conditions, the
abundance of Rac1-GTP transiently increased, reaching maximum levels about 20 min
following KGF addition (Figure 4.4A). Similar kinetics of Rac1 activation were
observed in Ilkf/f keratinocytes 72 h following infection with Ad-βgal. In stark contrast,
cultures that had been infected with Ad-Cre 72 h earlier failed to show any increases in
Rac1-GTP levels as late as 30 min following KGF stimulation, although total Rac1
protein levels were unaltered by loss of ILK (Figure 4.4). These observations are
consistent with the notion that KGF receptor stimulation causes Rac1 activation in an
ILK-dependent manner.

4.3.5

KGF stimulation of phagocytosis in keratinocytes is mediated
by Rac1

Activation of small Rho family GTPases, such as Rac1 and RhoG, is involved in
phagocytosis of particles and apoptotic bodies in macrophages and other cell types (33).
To determine the functional significance of the KGF-induced Rac1 activation in
keratinocyte, the phagocytic capacity of Rac1-deficient cells was evaluated by generating
keratinocyte cultures from K14Cre;Rac1f/f and control K14Cre;Rac1f/+ mice, and
incubating them with microspheres in the presence or absence of KGF, as above. Upon
stimulation with KGF, the number of internalized particles per cell and the phagocytic
fraction in K14Cre;Rac1f/+ keratinocytes increased by approximately 2- and 3-fold,
respectively (Figure 4.5A, B). Significantly, the phagocytic capacity of these cells was
very similar to that observed in K14Cre;Ilkf/+ keratinocytes, indicating a lack of dosage
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Figure 4.4. Formation of Rac1-GTP by KGF receptor stimulation.
(A) Ilkf/f keratinocyte cultures were maintained untreated, or were infected with Ad-βgal
or Ad-Cre. Seventy-two hours after infection, the cells were cultured in serum- and
growth additive-free medium for 16 h prior to the addition of KGF (20 ng/ml). At timed
intervals following KGF stimulation, cell lysates were prepared and analyzed to assess
the levels of active, Rac1-GTP using a luminescence-based ELISA method. The results
are expressed as the average + SEM (n=6 for uninfected cultures, n=3 for infected cells),
and are normalized to luminescence units relative to non-infected keratinocytes cultured
in serum-, growth additive- and KGF-free medium (t=0), which has been set to 1. Rac1GTP levels measured from lysates of cells expressing a constitutively active Rac1 G12V
mutant are included for comparison. (B) Replicate samples from the cultures described in
(A) were used to prepare lysates at the times indicated after KGF addition and analyzed
by immunoblot with antibodies against the indicated proteins. GAPDH was used to
normalize for protein loading. The immunoblot shown is representative of three different
experiments.
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effects for both Rac1 and ILK vis-à-vis phagocytosis. In stark contrast, Rac1-deficient
K14Cre;Rac1f/f cells showed little, if any, ability to take up microspheres.

The

impairment in phagocytic capacity associated with Rac1 deficiency was not alleviated by
either KGF or SLIGRL (Figure 4.5B and Figure 4.6), indicating that Rac1 is an essential
mediator of phagocytosis induced by activation of the KGF receptor and of PAR-2.
To further explore the relationship between ILK and Rac1 in KGF-mediated particle
engulfment, I determined the effect of exogenous expression of Rac1 proteins on
phagocytic capacity of ILK-expressing or ILK-deficient keratinocytes. To this end, I
transfected K14Cre;Ilkf/+ and K14Cre;Ilkf/f cells with vectors encoding wild type,
constitutively active (G12V) or dominant negative (T17N) Rac1 proteins, or human ILK.
Morphologically, I noticed that expression of human ILK, but not of any of the Rac1
proteins used, was able to restore spreading of ILK-deficient cells on laminin (Figure
4.5C). I also conducted phagocytosis assays on these cells. K14Cre;Ilkf/f cells
exogenously expressing human ILK were capable of internalizing microspheres as well
as K14Cre;Ilkf/+ keratinocytes, irrespective of whether or not the latter overexpressed
ILK (Figure 4.5D). These results are similar to those obtained using Ad-Cre-mediated Ilk
gene inactivation in Ilkf/f cells (Figure 4.2C). Expression of G12V, but not wild type
Rac1, restored phagocytic capacity in K14Cre;Ilkf/f cells, relative to GFP-expressing
K14Cre;Ilkf/+ keratinocytes (Figure 4.5D). Of note, although the average number of
phagocytosed microspheres in Rac1 G12V-expressing ILK-deficient cells appeared to be
slightly lower than in GFP-transfected ILK-expressing cells, this difference did not reach
statistical significance. In contrast, expression of Rac1 T17N decreased phagocytosis in
ILK-expressing keratinocytes, consistent with the observed phagocytosis impairment in
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Figure 4.5. Role of Rac1 in phagocytosis.
(A) Rac1-expressing or Rac1–deficient primary epidermal keratinocytes isolated from
mice with the indicated genotypes were cultured in serum- and growth additive-free
medium for 4 h prior to the addition of KGF (20 ng/ml) and fluorescent microspheres (6
x 107 microspheres/ml, 0.5 µm diameter). The cells were cultured for 4 h at 37°C and
processed for fluorescence microscopy. The actin cytoskeleton was visualized with Alexa
Fluor®594-conjugated phalloidin. Bar, 40 µm. (B) The number of internalized
microspheres/cell and percentage of cells that internalized particles (“Phagocytic
fraction”) in the experiments described in (A) were assessed, and are shown as the
average + SEM (n=5). Unless otherwise indicated, the asterisks represent P<0.05, relative
to vehicle-treated K14Cre;Rac1f/+ cells (ANOVA). (C) ILK-expressing or ILK-deficient
primary epidermal keratinocytes isolated from mice with the indicated genotypes were
cultured on a collagen substrate, and transfected with vectors encoding GFP, mCherry/V5
tagged ILK, or GFP-tagged Rac1 G12V. Fourty-eight hours after transfection, the cells
were processed for epifluorescence microscopy. Bar, 20 µm. (D) ILK-expressing or ILKdeficient primary epidermal keratinocytes isolated from mice with the indicated
genotypes were cultured on collagen-coated dishes, and transfected with vectors
encoding GFP, mCherry/V5 tagged ILK, or the indicated GFP-tagged Rac1 proteins.
Forty-eight hours after transfection, the cells were cultured in serum- and growth
additive-free medium for 4 h prior to the addition of KGF (20 ng/ml) and fluorescent
microspheres (6 x 107 microspheres/ml, 0.5 µm diameter). The cells were cultured at
37°C for an additional 4-h period and processed for fluorescence microscopy. The
number of microspheres/cell was determined in cells exhibiting GFP- or mCherryassociated fluorescence, and are shown as the average + SEM (n=3). Asterisks indicate
P<0.05 (ANOVA), comparing ILK-deficient with ILK-expressing cells transfected with
the same vector, unless otherwise indicated.
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Figure 4.6. Phagocytosis in Rac1-deficient cells.
(A) Primary epidermal keratinocytes isolated from mice with the indicated genotypes
were cultured in serum- and growth additive-free medium for 4 h prior to the addition of
SLIGRL (20 µM) and fluorescent microspheres (6 x 107 microspheres/ml, 0.5 µm
diameter). The cells were cultured for 4 h at 37°C and processed for fluorescence
microscopy. The actin cytoskeleton was visualized with Alexa Fluor®594-conjugated
phalloidin. Bar, 40 µm. (B) The number of internalized microspheres/cell and percentage
of cells that internalized particles “Phagocytic fraction” in the experiments described in
(A) were assessed, and are shown as the average + SEM (n=5). Unless otherwise
indicated, the asterisks represent P<0.05, relative to vehicle-treated K14Cre;Rac1f/+cells
(ANOVA).
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Rac1-deficient cells (Figure 4.5A, D). Rac1 T17N did not further decrease phagocytic
capacity in ILK-deficient keratinocytes.

4.3.6

Role of integrin β1 in KGF receptor induction of phagocytosis

Modulation of receptor tyrosine kinases by integrins is important for a variety of cellular
processes. For example, formation of lamellipodia and development of front-rear polarity
in EGF-treated keratinocytes requires expression of integrin β1. The latter functions
upstream from ILK in many cellular processes, and is essential for normal phagocytosis
of microbial pathogens in macrophages (34, 35). To investigate if integrin β1 is involved
in KGF-induced phagocytosis Intb1f/f keratinocytes were used, as cells isolated from
K14Cre;Intb1f/f epidermis failed to attach and proliferate, in agreement with previous
reports (36). To determine the interval between Intb1 gene inactivation by Cre
recombinase and loss of β1 integrin protein, Intb1f/f keratinocytes were infected with AdCre, and integrin β1 levels at various times post-infection were measured. Under these
conditions, Ad-Cre infects >98% of the cells. Integrin β1 abundance decreased > 90%
and became undetectable by 48 h and 72 h, respectively, following Ad-Cre infection.
Cells remained attached to the culture surface at 48 h, but lost this capacity after 72 h
(Figure 4.7B and data not shown). Next, Intb1f/f keratinocytes were transfected with a
plasmid encoding GFP-tagged Cre recombinase. Transfection efficiency in keratinocytes
was about 45%, and was accompanied by decreases of about 50% in integrin β1 levels in
these cultures (Figure 4.7B). Further, although transfected cells remained attached, they
frequently showed poor spreading and loss of focal adhesions, as evidenced by severely
reduced or absent paxillin-associated immunofluorescence at cell edges (Figure 4.7A).
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Figure 4.7. Impaired phagocytosis in integrin β1-deficient cells.
(A) Primary epidermal keratinocytes isolated from Intb1f/f mice were transfected with
vectors encoding GFP or GFP-tagged Cre recombinase. Forty-eight hours after
transfection, the cells were cultured in serum- and growth additive-free medium for 4 h
prior to the addition of KGF (20 ng/ml) and fluorescent microspheres (6 x 107
microspheres/ml, 0.5 µm diameter). The cells were cultured for 4 h at 37°C and
processed for fluorescence microscopy. Paxillin-associated immunofluorescence was
used to visualize focal adhesions. The actin cytoskeleton was visualized with Alexa
Fluor®594-conjugated phalloidin. Bar, 50 µm. (B) Intb1f/f keratinocytes were either
transfected with a vector encoding GFP-tagged Cre recombinase, or infected with AdCre. At the indicated times following transfection (or infection), cell lysates were
prepared and analyzed by immunoblot with antibodies against integrin β1 or β-tubulin,
used as a loading control. (C) The number of internalized microspheres/cell in the
experiments described in (A) were assessed, and are shown as the average + SEM (n=5).
# represents P<0.05, and the asterisks indicate P<0.05, relative to untransfected, vehicletreated cells (i.e. cultures with no treatments; ANOVA).
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Together, these observations are consistent with the notion that transfection of Intb1f/f
keratinocytes with Cre-encoding plasmids reduces integrin β1 abundance to undetectable
levels by 72 h. I next examined the phagocytic capacity of integrin β1-deficient cells and
observed severely impaired particle uptake, irrespective of whether KGF was present or
absent in these cultures (Figure 4.7A, C). I conclude that integrin β1 and the KGF
receptor are components of a multiprotein module required for phagocytosis in
keratinocytes.

4.4

Discussion

Phagocytosis is a process of particle internalization modulated by various pathways.
These pathways have been extensively studied in professional phagocytes, including
macrophages. In contrast, the understanding of how non-professional phagocytic cells,
such as epidermal keratinocytes, internalize particles remains scant. Keratinocytes are
chronically exposed to damage from UV radiation, and have developed protective
mechanisms that include phagocytic uptake of melanosomes, a central process in the
maintenance of integrity and homeostasis of the epidermis. In human keratinocytes, UVinduced melanosome uptake occurs through activation of several receptors, including
PAR-2 and KGFR (6, 7). We now show not only that these signalling pathways are
conserved in undifferentiated primary mouse keratinocytes, but also that stimulation of
these two receptors activates downstream events that converge on ILK to induce
phagocytosis. To our knowledge, this is a completely novel role for this scaffold protein.
Phagocytosis in macrophages comprises several stages (2). Initially, actin remodelling
gives rise to the formation of plasma membrane extensions that probe their surrounding
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environment and contact the target. Next, clustering and activation of phagocytic
receptors and recruitment of additional actin remodeling factors takes place, inducing
formation of pseudopods that surround the particle. Finally, fusion of the pseudopods at
the tip gives rise to phagosomal vesicles, which detach from the plasma membrane and
are internalized. Significantly, the early responses to KGFR activation in normal
keratinocytes also include formation of long, probing extensions that contact and
occasionally wrap around particles. However, in ILK-deficient cells, no pseudopods
extending towards the microspheres were observed, although the particles appeared to be
tightly attached to the plasma membrane surface. Thus, ILK is an important modulator of
early stages of phagocytosis, but may play little, if any, role in initial particle binding to
the plasma membrane, at least in the context of uncoated microspheres.
Although understanding of the signaling events involved in particle engulfment by nonprofessional phagocytic cells is at early stages, it is well established that several small
GTPases are involved in immune cell phagocytosis. For example, Fcγ-mediated
phagocytosis in macrophages is dependent on Cdc42, Rac2 (but not Rac1), and RhoG
(33, 37). In contrast, phagocytosis of shed photoreceptor outer segments by retinal
pigmented epithelial cells, requires Rac1, but not RhoA or Cdc42 (38). Whether Cdc42 is
involved in keratinocyte phagocytosis remains to be determined. Activation of Cdc42 in
ILK-deficient keratinocytes subjected to scrape-wound assays appears to be diminished
compared to ILK-expressing cells (11), indicating that ILK is necessary for Cdc42
activation, at least in response to certain stimuli.
Rac1 activation is essential for actin remodeling during the initial stages of phagocytic
cup formation, and persists just after pseudopod closure (26). My studies have identified
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a requirement for Rac1 in keratinocyte phagocytosis, and established that early responses
to KGF involve ILK-dependent Rac1 activation. Indeed, increases in Rac1-GTP levels
peak in the same time frame as maximal pseudopodial activity following KGFR
stimulation. ILK complexes containing α- and β-Pix activate Rac1 in various cell lines
(39, 40). Similarly, ILK associates with ELMO2 to activate Rac1 in response to EGF in
keratinocytes (9, 10). The restoration in phagocytic capacity in ILK-deficient cells
expressing the constitutively active Rac1 G12V mutant is consistent with the notion that
Rac1 functions downstream from ILK in this context. Significantly, expression of wild
type Rac1 was ineffective. In the absence of ILK, Rac1 may not be activated at the
appropriate sites adjacent to the plasma membrane to properly induce formation of
pseudopodia, and/or may simply not be activated at all. The precise mechanisms whereby
ILK modulates KGF-induced activation of Rac1 remain to be defined.
Phagocytosis is the final outcome of a specific cascade of signaling events. Early on,
Rac1-GTP can activate PIPK1α, which in turn generates PIP2. PIP2 serves as a substrate
for PLCγ, resulting in the formation of diacylglycerol. The latter is involved in
pseudopod and actin cup formation in macrophages, as well as in KGFR stimulation of
melanosome phagocytosis in human keratinocytes (26, 41-43).

Thus, I propose a

phagocytosis model in keratinocytes in which KGFR activation recruits ILK through
signals yet to be defined. ILK in turn participates in Rac1 activation and sequential
formation of PIP2 and diacylglycerol, ultimately leading to F-actin rearrangement and
melanosome internalization (Figure 4.8).
An additional element required for KGFR-induced phagocytosis identified in my studies
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is β1 integrin. Engagement of integrins is frequently used by bacterial pathogens to
invade epithelial or other host cells (44). For example, keratinocyte β1 integrins bind to
plasminogen/plasmin-linked Streptococcus pyrogenes, and this interaction triggers
microbial uptake (45). αβ1 integrin stimulation by collagen or bacterial pathogens also
results in Rac1 and PLCγ activation (43, 46). Thus, ILK may transduce signals from β1
integrin, to activate Rac1 and phagocytosis in epidermal keratinocytes (Figure 4.8). The
exact manner in which the latex microspheres I used may interact with β1 integrins
remains to be determined, as these particles were not coated with any integrin-interacting
proteins in my experiments.
Additional signaling events may contribute to melanosome uptake in the epidermis. It has
been recently shown that the small GTPase RhoG is recruited to and activated at sites of
phagocytic cups formation in macrophages. RhoG is required for both FcγR- and CR3mediated phagocytosis (33), suggesting that it may be a global contributor to particle
uptake, irrespective of the exact receptor involved. Notably, RhoG recruits ILK/ELMO2
complexes to membrane protrusions in keratinocytes stimulated with EGF (9, 10). This
multiprotein complex is necessary for Rac1 activation and induction of front-rear polarity
in these cells. Thus, it is plausible that this pathway may also be activated in response to
KGF to trigger particle internalization. Whether the RhoG/ILK/ELMO2 species
participate in particle engulfment is an important area of research that warrants further
investigation.
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Figure 4.8. Proposed model of KGFR signaling leading to phagocytosis.
KGFR stimulation activates (directly or indirectly) PLCγ, which catalyzes formation of
diacylglycerol (DAG) from PIP2. DAG can stimulate actin polymerization, followed by
pseudopod formation and phagocytosis. KGFR also acts through ILK to induce Rac1
activation, which is another potential pathway for activation of PIP kinase (PIPK), to
generate PIP2. αβ1 integrins also participate in the KGFR responses. Potential
mechanisms may include either direct cross-modulation of receptor clustering and/or
function, or indirectly, by participating in ILK-dependent Rac1 activation. Other, as yet
unidentified pathways may also contribute to actin polymerization.
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Chapter 5
5

Discussion

5.1

Summary

Integrin-linked kinase (ILK) is a ubiquitous adaptor protein that interacts with β integrins
and a variety of other proteins (1). ILK has been shown to modulate integrin-dependent
cellular processes, such as proliferation, survival and migration (2). ILK is mostly
localized to integrin adhesion sites, but recently it has been reported that ILK is also
present in other subcellular regions, such as nucleus, where it might exhibit integrinindependent functions (3, 4). Although the role of ILK has been investigated in different
cellular processes, little in known about its role in tissue homeostasis. The goal of my
thesis was to shed light on the role of ILK in epidermal integrity and barrier function.
During the course of my studies, I fulfilled the following specific aims:
1)

To define the role of ILK in epidermal structure and barrier function.

2)

To determine the role of ILK in bacterial invasion in keratinocytes.

3)

To examine the role of ILK in melanosome-like particle phagocytosis in
keratinocytes.

The data presented in chapter 2, 3 and 4 of this thesis contain findings of different
experiments that were designed to test aims 1, 2 and 3 respectively. In chapter 2, I
established that ILK-deficient epidermis exhibits loss of integrity and altered
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morphology. I also determined the formation of normal cell-cell adhesions in culture and
in vivo. Immune cells infiltrate the ILK-deficient epidermis and this is suggestive of proinflammatory conditions as well as the presence of injury-repair mechanisms in the skin.
I examined the consequences of ILK-deficiency and showed that epidermal barrier
function against microorganism and environmental insults is impaired in the absence of
ILK. I determined that ILK modulates epidermis integrity possibly through regulating
Ca2+ signaling in epidermal keratinocytes. I concluded that ILK is essential for
keratinocyte ability to maintain high intracellular Ca2+ levels, which is key for proper
formation of cell-cell adhesion and tissue integrity.
In chapter 3, I characterized the role of ILK in epidermal barrier function against
microorganisms. To investigate the host-pathogen interactions, I examined the role of
ILK in Staphylococcus aureus (S. aureus) invasion of epidermal keratinocytes both in
culture and at tissue level. Intracellular persistence of S. aureus is a major contributor to
recurrent infections in clinical settings. I determined that ILK and β1 integrin modulate
the ability of S. aureus to colonize epidermal keratinocytes. ILK-deficient keratinocytes
are defective in their ability to engulf killed S. aureus. Using live S. aureus that is capable
of producing virulence factors does not restore the ability of ILK-deficient keratinocytes
to internalize the bacteria. Notably, exogenous expression of constitutively active Rac1
restores the capacity of ILK-deficient keratinocytes to internalize S. aureus, suggesting
that Rac1 is a downstream effector of ILK. I concluded that, ILK modulates S. aureus
invasion of epidermal keratinocytes, likely through Rac1-GTP.
Protection of skin against DNA-damaging effects of UV occurs through the phagocytosis
of melanosomes by epidermal keratinocytes. In chapter 4, I focused on the role of ILK in
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modulating phagocytosis of melanosome-like particles. I have shown that keratinocyte
growth factor (KGF) induces the formation of protrusions in ILK-expressing
keratinocytes, which is required for successful phagocytosis. I have determined that ILKdeficient keratinocytes are defective in their ability to form protrusions around
melanosome-like particles. Thus, their phagocytic capabilities are compromised in the
absence of ILK. Expression of constitutively active, but not wild-type Rac1, rescues the
phenotype in ILK-deficient keratinocytes. My results define that ILK modulates
formation of protrusions around phagocytic target that leads to local polymerization of
actin at the site of engulfment. I concluded that Rac1 is a downstream effector of ILK in
phagocytosis of melanosome-like particles in epidermal keratinocytes and ILK is
essential for protective function of epidermis against UV-induced DNA damage.

5.2

ILK and epidermal integrity

ILK likely modulates the Ca2+ signaling by regulating RhoA activation in response to
increased extracellular Ca2+ levels. Inhibition of RhoA decreases the ability of
keratinocytes to differentiate and establish cell-cell adhesion (11). Of note, ablation of
CaR also impairs keratinocytes differentiation and impairs their barrier function (12).
Impaired barrier function in ILK-deficient epidermis, along with the observations in
culture, suggests that ILK modulates keratinocytes response to Ca2+ by regulation of
RhoA activation and ILK-deficient epidermis is defective in formation of cell-cell
junctions and barrier function. The mechanism by which ILK regulates the activation of
small GTPases, in this case RhoA, remains unanswered. These findings are clinically
significant in understanding the mechanism of diseases like Darier’s disease and
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pemphigus (13, 14). Darier’s disease is characterized by skin lesions that are often
infected and are responsible for major discomfort. Skin lesions are exacerbated by UVB
radiation friction and infection. The disease is caused by defects in the function of
calcium pumps that are responsible for transporting Ca2+ from the cytosol to the lumen of
endoplasmic reticulum (13, 14). Abnormal Ca2+ signaling, altered cell-cell junction and
defective barrier function against microbial insults are among the features of this disease
(13, 14). Finding of my research suggest a novel role for ILK in modulating Ca2+
signaling in keratinocytes that will introduce integrin and integrin-adaptor proteins as a
part of the signaling pathway responsible for handling Ca2+ and regulating activation and
distribution of small GTPases during important cellular processes, such as differentiation.
Although my findings may help to better understand the mechanisms underlying disease
conditions, such as skin infection and blistering disorders, the differences in mouse and
human biology should be taken into considerations, when generalizing these data. For
example, polymorphism in HLA or major histocompatibility complexes (MHC) account
for distinct functions of Langerhan cells in human versus mice that lack specific types of
HLA. This might affect the innate and adaptive immune response modulated by
Langerhans cells in the skin of mice compared to human (13).

5.3

ILK and epidermal barrier function

The commensals of the skin play a pivotal role in regulation of skin immunity against
microbial invasions (15).

Staphylococcus aureus (S. aureus) is an example of

commensals that can cause a range of diseases from mild skin infections to septic shock
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and death (16, 17). What determine the invasiveness of S. aureus, is the balance between
bacterial virulence factors and skin innate and adaptive immunity. If S. aureus become
capable of invading different layers of the skin and reaching the bloodstream, it causes
cytokine storm and toxic shock, especially in immunocompromised patients (18). There
are still many unresolved issues regarding S. aureus colonization of skin, but what is
evident is the essential role of keratinocytes in immunity against S. aureus (19).
Keratinocytes at suprabasal layers are capable of producing antimicrobial peptides to kill
S. aureus (20). There are reports on intracellular colonization of S. aureus in epidermal
keratinocytes. This suggests that the phagocytic machinery of keratinocytes contributes to
the invasion process by S. aureus (21). Proper actin reorganization is an essential
component of phagocytosis in different cell types. Interference with actin cytoskeleton
dynamics abolishes S. aureus invasion of epithelial cells (22). Upstream of actin
cytoskeleton are integrins and integrin-adaptor proteins, such as ILK, that have been
studied as important players in bacterial invasion (23-25). This may be due, at least in
part, by the barrier dysfunction and impaired cell-cell adhesion in ILK-deficient
epidermis that allows the bacteria to use intercellular paths to find its way into the skin.
Another mechanism of skin invasion by S. aureus is the ability of bacteria to induce
apoptosis and cell death in epidermal keratinocytes (26). Researches in our lab indicate
that keratinocyte survival is decreased in the absence of ILK (Im M, Dagnino L,
unpublished data). Thus, it is also possible that not only the defective epidermal integrity
but also the susceptibility of ILK-deficient keratinocytes to damaging effects S. aureus
contributes to the severity of invasion in our model. A growing body of research has been
conducted in immortalized and keratinocytes cell lines to study the mechanism of
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bacterial invasion. I have studied the interaction between host cell and S. aureus using
mouse primary epidermal keratinocytes. This is important because there are significant
differences in the mechanisms underlying bacterial invasion of primary and immortalized
keratinocytes (27). It has been shown that FnBPs are essential for S. aureus invasion of
immortalized keratinocytes, but uptake of S. aureus by primary keratinocytes can occur
through

FnBP-dependent

and

–independent

mechanisms

since

adhesion

and

internalization of S. aureus is not affected by the expression of FnBPs in these cells (27).
Another function of the epidermis is protection against UV radiation, which occurs
through uptake of melanosomes by epidermal keratinocytes (28). Keratinocytes arrange
the melanosomes around their nucleus as an internal sunscreen to protect their DNA from
the damaging effects of UV light (29). Phagocytosis by non-professional phagocytes,
such as keratinocytes, occurs through series of actin reorganization steps and activation
of small GTPases, such as Rac1, RhoA and Cdc42 (30). ILK-deficient keratinocytes are
defective in their ability to modulate local polymerization of actin at the site of
engulfment, thus there is a substantial decrease in the number of ruffle formations in
these cells. The latter, results in compromised phagocytic capability of ILK-deficient
cells. Of note, exogenous expression of constitutively active Rac1 can partially rescue
this phenotype, suggesting that ILK-mediated actin dynamics is dependent on the
activation of small GTPases during phagocytosis.
Overall, my data are suggestive of the essential role of ILK in the activation of small
GTPases, such as Rac1 and RhoA, in cultured primary keratinocytes. The role of ILK in
the activation of small GTPases implies that ILK might be involved in regulating small
GTPase-dependent actin dynamics in epidermal keratinocytes during phagocytosis and
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tissue homeostasis. How ILK modulates activation of small GTPase has not been
investigated yet, although results are suggestive of adaptor role of ILK in bridging the
gap between guanine exchange factors (GEFs) and small GTPases (31). Another possible
mechanism by which ILK may regulate activation of GTPases is through microtubule
dynamics and vesicular trafficking. Role of ILK in vesicular trafficking has emerged
recently (32). The negative charge of phosphoinositides at the inner surface of cell
membrane contributes to the recruitment of cationic proteins, such as GEFs in the vicinity
of the membrane (33), where small GTPases get activated (34). Small GTPases should be
delivered to membrane to be able to interact with their specific GEFs. It is possible that
ILK regulates the trafficking of vesicular compartments along the microtubules, and thus
in the absence of ILK, microtubule dynamic is impaired and that likely prevent the
association of small GTPases with their GEFs.

5.4

Future directions

The data presented in this thesis shed light on several interesting aspects of ILK function
in the epidermis structure and function. In the second chapter, I have shown that in the
absence of ILK, main junctional complexes in the epidermis, such as adherens junctions
and tight junctions are abnormally formed. The presented data are mostly the results of
fluorescence staining of classical markers of epidemral junctions. Although the staining
show diffuse and irregular pattern in subcellular distribution of the markers, my data do
not provide concrete information about the structure of the junctions in the epidermis.
Ultrastructural analysis of ILK-expressing and ILK-deficient epidermis using electron
microscopy will provide precise picture of the abnormalities of junctions in the absence
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of ILK. Not only the structure of the junctions but also the defective function of these
strutures could be studied using electron microscopy. Ultrastructural analyses of the ILKexpressing and ILK-deficient epidermis incubated with S. aureus will provide more
information about the mechanisms by which the bacteria transverse the epidermis. The
presence of bacteria in paracellular paths will confirm the presence of leaky cell-cell
junctions in the ILK-deficient epidermis.
There are few studies on the mechanism of skin invasion by S. aureus. One possible
process by which S. aureus can invade inner layers of the ILK-deficient epidermis is to
induce apoptosis in ILK-deficient keratinocytes in order to facilitate the invasion.
Studying apoptosis of keratinocytes in response to S. aureus invasion at the tissue level
using TUNEl assay or other methods of studying DNA fragmentation will address this
question.
Although I have shown that the trafficking of live S. aureus differ from killed S. aureus
in ILK-expressing keratinocytes, my data do not provide information about the
intracellular trafficking of bacteria in ILK-deficient keratinocytes. Defective capacity of
ILK-deficient keratinocytes to internalize the bacteria makes it difficult to study the
intracellular compartments in which the bacteria reside. Overexpression of FnBPs in S.
aurues may induce increased internalization of bacteria by ILK-deficient cells, thus allow
us to better study the intracellular trafficking of the bacteria in the ebsence of ILK.
One of the important functions of phagocytic cells is their capacity to continuously
exocytose to maintain their membrane surface area. My data indicate that the capacity of
ILK-deficient keratinocytes to engulf melanosom-like particles is impaired. Although, the
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abnormalities in actin cytoskeleton dynamics account for the decreased phagocytic
capacity of these cells, another possible mechanism that might contribute to their
defective phagocytosis is impaired exocytosis. Proper actin dynamics is required for both
processes and it is not unreasonable to assume that exocytosis is also affected by the
absence of ILK. The importance of addressing abnormalities in exocytois by ILKdeficient keratinocytes is that it will allow us to study the secretion of ECM components
that occur through exocytosis by these cells. Defective secretion of ECM molecules
might partially account for defective attachment and spreading in ILK-deficient
keratinocytes compared to ILK-expressing keratinocytes.
ILK has been extensively studied in the context of cancer and malignant tumours, but
alterations in the ILK functions in blistering diseases and skin disorders with barrier
dysfunction have not been investigated. Abnormalities in the function of Kindlin, which
is an integrin adaptor protein, has been aassociated with kindler syndrome that exhibit
features of blistering diseases. Like kindlin, ILK or other integrin adaptor proteins might
be involved in clinical conditions associated with defective cell-cell adhesion and
impaired skin barrier function, which establishes another interesting area of research in
skin biology.
My data suggest that in ILK-deficient epidermis, distribution pattern of integrin β1
complexes are different than ILK-expressing epidermis. Although my data do not show
the intracellular distribution of β1 integrin in ILK-deficient keratinocytes, it would be
important to study the function of ILK in “inside out” activation and/or conformational
changes of β1 integrin complexes at the cell membrane in response to environmental
stimuli.
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In our mouse model, ILK has been excised during early stages of development and micee
with epidermis-restricted inactivation of Ilk die perinatally, thus precluding analysis of
postnatal epidermis. In order to address the effect of ILK loss in postnatal skin, an
inducible mouse model, such as tamoxifen-inducible knock out model of ILK, will help
to dissect the consequences of ILK loss in the homeostasis of adult epidermal.
The role of ILK in regulation of skin pigmentation potentially opens a new window in the
treatment of skin disorders with increased pigmentation. Restricted areas with
hyperpigmentation are often a consequence of local inflammation in the skin. Using
topical formulations of ILK modulators may potentially be a novel treatment stragtegy
for dysregulated skin pigmentations.
Overall, the data presented in this thesis have the potential to open a new window
towards understanding the mechanisms underlying several skin pathologies, such as
formation of blisters, impaired keratinocytes differentiation, defective barrier function,
altered pigmentation and skin inflammation. Defining the signaling pathways involved in
these processes will help to establish more efficient treatment strategies in clinical
settings.
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